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Abstract 
Aberrant movement control of the lumbo-pelvic-hip complex is a feature of musculoskeletal 
conditions such as low back pain. There is evidence of altered movement control of the 
pelvis in multiple planes in individuals with chronic low back pain (CLBP). As a result, 
accurate assessment of motion control in conditions such as CLBP is required to assist 
diagnostics and management planning particularly with regard to therapeutic exercise. 
While 3-dimensional (3D) motion capture is the gold standard motion measurement, cost 
restraints and technical expertise requirements associated with 3D methods prevent 
accessibility in most clinical setting. Instead 2-dimensional (2D) video and photographic 
methods to assess movement control are increasingly being used in clinical settings. 
Despite the widespread use of these clinical measurement methods, the reliability and 
validity of measurements made using 2D methods has not been well established. The use 
of 2D methods for evaluating motion of the lumbo-pelvic-hip region is further limited by 
difficulties in capturing angular displacement of the pelvis in the transverse plane without 
the use of an overhead camera. The aim of this thesis was to address methodological 
issues and knowledge gaps concerning 2D methods of motion capture of the lumbo-pelvic-
hip complex. Specifically the thesis systematically explored current knowledge regarding 
the reliability and validity of movement control tests to assess the lumbo-pelvic-hip 
complex; developed a novel 2D method of measuring pelvic rotation in the transverse 
plane without an overhead camera; and investigated the validity and reliability of the 
refined 2D motion capture method by comparing its accuracy to a gold standard 3D 
method, as well as exploring its capacity to detect aberrant, and potentially clinically 
relevant, lumbo-pelvic-hip motion differences in those with and without CLBP.   
In Study 1 current literature was systematically reviewed with respect to the reliability of 
motion control measurements during commonly reported movement control tests of the 
lumbo-pelvic-hip complex. In particular measurement reliability was considered for both 
quantitative and clinician-based subjective rating methods. A further aspect of the 
systematic review was to explore the validity of the motion measures as a measure of 
gluteal muscle function by determining their relationship with other measures of gluteal 
muscle function. Given the anatomical and biomechanical relationship of the gluteal 
muscles in controlling motion of the pelvis and hip, movement control tests of the lumbo-
pelvic-hip complex are commonly touted as measures of gluteal function. The review 
2 
 
demonstrated that although reliability of the measures varied widely, quantitative methods 
tended to demonstrate higher levels of reliability than clinician ratings. Inconsistent 
relationships between test performance and quantitative measures of gluteal muscle 
function were observed, with the exception of strong evidence for a relationship between 
hip external rotation strength and frontal plane knee movement during a single-leg squat. 
The findings of this review strengthen the need for more clinically accessible quantitative 
measurement methods for the assessment of movement control of the lumbo-pelvic-hip 
complex. It also indicated that these measures appear to be influenced by other factors 
other than just gluteal muscle function, and therefore required investigation of their 
relevance to other clinical parameters of CLBP. 
A novel 2D photographic method of quantifying transverse plane body segment rotation of 
the pelvis was developed in Study 2 using a mechanical pelvic jig. Study 2 demonstrated 
that within a specific range of pelvic rotation, the novel 2D method could provide 
measurements of body segment rotation in the transverse plane that were within an 
acceptable range of error, if known concomitant motion in other planes and axes could be 
accounted for with the use of linear regression modeling. 
Study 3 further explored the validity and within-session reliability of this novel 2D method 
by comparing measurements of pelvic motion against those attained by a gold standard 
3D method, in individuals with and without CLBP during movement control tests of the 
lumbo-pelvic-hip complex. Results showed that measurements derived from the 2D 
method demonstrated moderate to excellent agreement with 3D measures across the 
movement tasks. Average Root Mean Square Error was within acceptable limits, while 
Bland-Altman plots showed some individual variation, with at worst 95% limits of 
agreement less than ±6.2° across all measures and movement tasks. 
The capacity of the 2D method to detect differences in motion of the lumbo-pelvic-hip 
complex during motion control tests was evaluated in Study 4.  This study demonstrated 
that individuals with unilateral CLBP consistently exhibit higher cumulative scores of 
multiplanar pelvis movement on the symptomatic side compared to healthy controls. 
Individuals with unilateral symptoms also displayed increased pelvic sagittal rotation during 
single-leg stance, and increased pelvic transverse rotation during single-leg squat and 
single-leg drop. Furthermore, some of the 2D method generated motion measurements 
demonstrated moderate to strong relationships with other clinical parameters (i.e. self-
reported pain, disability, fear of movement) in the CLBP group. Study 4 also showed the 
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measures to have moderate to excellent between-session reliability during the motion 
control tests with Minimal Detectable Change ranging from 1.3° to 7.3°.  
This thesis has demonstrated the accuracy, reliability, and clinical relevance of a refined 
2D method of measuring lumbo-pelvic-hip complex motion, including a novel approach to 
quantifying pelvic rotation in the transverse plane. Importantly from a measurement 
perspective this novel 2D method is of comparable accuracy to a gold standard 3D 
method. The 2D method is also capable of detecting potentially clinically relevant aberrant 
motion in those with CLBP. It is feasible that this relatively inexpensive 2D method may 
have valuable application in clinical settings in the future.         
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Chapter 1. Introduction 
Aberrant movement control of the pelvic girdle is reported in a range of musculoskeletal conditions 
[1-6] including chronic low back pain (CLBP). Changes in pelvic motion in individuals with CLBP 
compared to those without CLBP, is thought to reflect altered movement strategies in these 
individuals, potentially reflective of challenged physical stability, altered motor coordination, and or 
pain related fear avoidance behaviour. There is substantial evidence that individuals with CLBP 
exhibit altered movement control of the pelvis during functional movement tasks, including changes 
in angular displacement in the transverse [7-11], sagittal [10, 12-14] and frontal [15, 16] planes. 
Patterns of aberrant pelvic movement control may be even more distinct when subgroups of CLBP 
populations are studied [17, 18]. Sub-optimal control of pelvic motion is thought to contribute to the 
onset and/or persistence of low back pain potentially due to resultant excessive physical strain to 
pain sensitive lumbar structures. As such persisting changes in pelvic kinematics in those with 
CLBP is thought to negatively impact recovery, as controlled movement of the pelvis is necessary 
for daily function such as gait [19-22], forward bending [23], and sit to stand [24] tasks. This may 
be one factor that contributes to CLBP being a significant musculoskeletal health issue, both in 
Australia and globally [25, 26], and the leading cause of Australian disease and injury burden [25]. 
Therefore improving the capacity to evaluate movement control of the pelvis in individuals with 
musculoskeletal conditions such as CLBP that is applicable to the clinical setting is a priority. 
The gold-standard method of assessing pelvic movement is 3-dimensional (3D) motion analysis. 
However, cost, space, and technical expertise constraints, renders 3D motion analysis access 
infeasible in most contemporary clinical settings. Instead subjective clinician ratings of pelvic 
movement control are often utilised in clinical practice. While convenient and inexpensive, clinician 
ratings of pelvic motion control require advanced clinical skill and robust evidence of their 
reliability and validity is lacking, particularly for faster, more dynamic movement tasks [27]. With 
the onset of smart phone and tablet technology, access to simpler, 2-dimensional (2D) video and 
photographic methods to assess movement control is increasingly being used in clinical settings 
[28]. Despite the widespread use of these 2D measurement methods, the validity of measurements 
made using these methods has not been well established. Furthermore, 2D methods have limitations 
in their capacity to capture angular displacement of the pelvis in the transverse plane, a plane of 
pelvic motion known to be aberrant in some musculoskeletal conditions [7, 11]. These 
methodological issues (i.e. measuring transverse plane pelvic motion, validity and reliability 
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testing) currently represent a substantial gap for the utility of 2D methods in assessing pelvic 
motion in the clinical setting. 
The purpose of this thesis was to further advance the use of 2D methods of capturing pelvic motion 
that would have application in the clinical setting for the evaluation of musculoskeletal conditions 
such as CLBP. Firstly the thesis explored current knowledge regarding the use of quantitative and 
non-quantitative methods of assessing pelvic motion (Chapters 2-3, Study 1). The thesis then 
describes the development of a novel 2D method of evaluating pelvic motion in the transverse plane 
(Chapter 4, Study 2) including the evaluation of its validity (Chapter 6, Study 3) and reliability 
(Chapter 7, Study 4). In the final study of the thesis the clinical utility of the 2D method is evaluated 
including its capacity to detect aberrant movement in CLBP (Chapter 7, Study 4). 
This thesis has been prepared as a combination of modified individual manuscripts that are 
submitted for peer review, in preparation for submission to a journal, or in a traditional thesis 
format. At the start of each chapter a short linking statement is provided to enhance the flow of the 
thesis. Formatting of chapters that have been submitted for publication have been slightly modified 
to be consistent with the layout, terminology, and referencing style of the thesis. Specific thesis 
aims are provided at the end of Chapter 2. 
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Chapter 2. Background 
 
This Chapter outlines the role of pelvic kinematics in function and evidence regarding aberrant 
pelvic movement in clinical populations, with particular reference to chronic low back pain. In 
particular, literature is discussed in the context of the need to identify and evaluate aberrant pelvic 
motion using quantified methods that has application in the clinical setting. Based on the gaps in 
the literature highlighted in this Chapter, the aims of the thesis are outlined at the conclusion of this 
chapter. 
 
2.1 Pelvic Motion and the Lumbo-Pelvic-Hip Complex 
The human pelvis is made up of the sacrum, the coccyx and the two os coxae [29]. The pelvis has 
many roles such as providing support to the abdominal organs in concert with the trunk and pelvic 
floor muscles, and facilitating childbirth through the birth canal. However, it is the role of the pelvis 
as the centre-point between the spine and the lower limbs, and therefore its kinematic function 
during physical weight bearing activities that is focus of this thesis. For example pelvic motion is 
fundamental during locomotion [30] with concurrent small rotations of the pelvis occurring in three 
planes (sagittal, frontal and transverse) of motion [22]. Movement of the pelvis in the transverse 
plane enhances step length [19], while frontal plane motion (away from the stance leg) reduces the 
required transverse plane displacement of the free limb during single limb support [20, 21]. Due to 
its articulations with the lumbar spine and femur at the lumbosacral junction and hip joint, 
respectively, coordinated movement of the lumbar spine, pelvis, and lower limb is required during 
functional tasks such as sit-to-stand [24] and forward bending movements [31, 32]. As such, pelvic 
motion in this thesis will be discussed in relationship to movement within the lumbo-pelvic-hip 
complex.  
Motion of the pelvis within the lumbo-pelvic-hip complex is largely governed by neuromuscular 
function of the trunk, pelvic girdle, and lower limb. Therefore clinically, observed control of pelvic 
motion during movement and postural based activities is often interpreted as an indicator of 
neuromuscular function (or impairment) of the lumbo-pelvic-hip region  [33]. While numerous 
trunk, pelvic, and lower limb muscles contribute to control of pelvic motion, often tests of pelvic 
motion control during weight bearing tasks are touted as tests of gluteal muscle function. The pelvis 
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serves as an anchor point for the large gluteus maximus and medius muscles that collectively exert 
multiple moments to the hip joints [34-37]. As such observed activity of these gluteal muscles 
during daily functional activities such as lifting [38], standing, walking, stair climbing [39, 40] and 
sit-to-stand [41], support their proposed stability role for the pelvis during weight bearing tasks 
[42]. It is on this basis that performance during motion control tests of the pelvis is often thought to 
reflect gluteal muscle function (or impairment), and this relationship is further explored in Chapter 
3. It is appropriate to acknowledge at this point, however, that gluteal muscle function is just one of 
the many factors that may influence performance during motion control tests, with other variables 
of potential influence such as other biological (e.g. other muscles, flexibility) or psychological (e.g. 
pain related fear of movement) factors.      
Given this important role of the pelvis during functional weight bearing tasks, it is unsurprising that 
aberrant movement control of the pelvis has been reported as a feature of a number of 
musculoskeletal disorders of the lower extremity. Individuals with Patellofemoral Pain Syndrome 
display greater contralateral pelvic frontal rotation than healthy controls during a single-leg triple 
hop test [1], as well as during stepping [2] and single-leg squat [3] movement tasks. Similarly 
abnormal movement control of the pelvis during single-leg landing is associated with chronic groin 
pain in athletes [6]. During gait, individuals with femoroacetabular impingement exhibit reduced 
range of motion of the pelvis in the frontal plane compared to controls [4] as well as reduced 
sagittal pelvic rotation range of motion during squatting [5]. However, although there is evidence of 
aberrant movement control of the pelvis in lower extremity conditions, perhaps more widely 
acknowledged is the association between altered movement control of the pelvis and Chronic Low 
Back Pain (CLBP). 
 
2.2 The Health Issue of Chronic Low Back Pain 
CLBP is a significant health issue in Australia and globally [25, 26]. It is the greatest single 
contributor to disability internationally [26] and the leading cause of Australian disease and injury 
burden [43]. CLBP represents the primary reason that people consult with musculoskeletal 
healthcare providers [44] and it therefore translates to a significant burden on healthcare services. 
For example in Queensland Health Hospital facilities in Australia, CLBP represents approximately 
32% of all patients managed by the state-wide Orthopaedic Physiotherapy Screening Clinics [45]. 
Alarmingly, forty three percent of patients with acute low back pain seen in primary care settings 
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transition to chronic low back pain with nearly a third not recovering by 12 months [46]. The 
individual economic impact of CLBP is also considerable, with Australians aged 45–64 years who 
retire early due to low back pain having, on average, 87% less wealth than someone with no health 
burden [47].  
Clearly the current management of low back pain is inadequate. One of the factors implicated in the 
chronicity and recurrence of low back pain is the inadequate recovery and rehabilitation of the 
motor system [48]. Inadequate recovery has been shown to include persisting neuromuscular 
impairments as well as persisting kinematic changes [8, 49-51]. It is thought that the persisting 
neuromuscular impairments and altered movement patterns may be detrimental to the physical 
support of the lumbar spine resulting in excessive mechanical strain to pain sensitive lumbar spine 
structures [33]. While numerous studies have investigated the presence of neuromuscular 
impairments (e.g. muscle recruitment, morphology, strength, and endurance) in CLBP, the topic of 
this thesis is focused on identifying changes in movement control of body segments. While these 
two phenomena are thought to be inter-related (i.e. altered neuromuscular function resulting in 
altered movement patterns, and vice versa), for ease of readability they are now described 
separately with a particular focus on their relevance to movement control of the lumbo-pelvic-hip 
complex in CLBP. 
  
2.3 Neuromuscular impairments in Chronic Low Back Pain 
Numerous studies have identified impairments in the motor system in CLBP using a variety of 
methods such as electromyography, ultrasound, MRI, and dynamometry. These studies have 
justified a potential lack of physical support of the lumbo-pelvic-hip region in the presence of low 
back pain that may at least partly explain observed aberrant movement patterns in the CLBP 
population. Studies investigating impaired motor function may be divided into those demonstrating 
changes in muscle behaviour, changes in muscle morphology, and changes in muscle contractile 
performance. While it is beyond the scope of this thesis to describe these observed impairments in 
detail, the following is a brief summary of the potential relevance of observed impairments to 
aberrant motion control of the lumbo-pelvic-hip complex.   
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2.3.1 Altered muscle behaviour 
Numerous studies have investigated changes in motor strategies of the trunk and pelvic girdle in the 
presence of CLBP that may be relevant to altered movement patterns in this population. For 
example, compared to asymptomatic individuals, altered recruitment strategies of trunk muscles 
have been observed in people with CLBP. Significantly increased latency and altered activation 
levels of certain trunk muscles during tasks such as rapid arm [52-56] and leg [57] movements. 
During gait, erector spinae muscle behaviour (including timing, amplitude, variability and 
frequency) are altered between individuals with and without low back pain [8]. Altered motor 
behaviour in CLBP has also been observed in muscles of respiration [58, 59] and the pelvic floor 
[60, 61]. Similarly, changes in gluteal muscle activity has also been observed in patients with low 
back pain. Significantly reduced activation duration of gluteus maximus during trunk flexion has 
been found in females with CLBP compared to healthy controls [62]. Reduced activity of gluteus 
medius has also been demonstrated during the transition from kneeling to a half kneeling position in 
females with CLBP compared to healthy controls [63]. Prolonged activity of gluteus maximus has 
also been demonstrated in the CLBP population during treadmill walking on a level incline at a set 
speed (1.25 m/s-1) [50].  
Increased rate of gluteus maximus fatigue is another feature of individuals with CLBP in women 
with CLBP compared to healthy controls [64]. This study looked at the average EMG amplitude (as 
a percentage of MVC) and the median frequency slope (% decrease/minute) of gluteus maximus 
and lumbar erector spinae during an isometric back extension exercise. No group differences were 
found in lumbar paraspinal median frequency slope, however a significantly steeper decrease in 
gluteus maximus median frequency slope was demonstrated in the CLBP group, indicating greater 
fatigability in the CLBP group specific to gluteus maximus. 
2.3.2 Altered muscle morphology 
There is also substantial evidence of morphological changes in the trunk and pelvic muscles of 
patients with CLBP. Morphological changes are relevant to motion control of the pelvis as physical 
changes in muscles potentially affect their capacity to generate and/or sustain force appropriate for 
motor function (e.g. postural control, control of load transference) [65, 66]. Such physical change in 
the back muscles of people with acute LBP are considered to be a potential mediating factor in the 
progression of disease, and the development of CLBP [65, 67, 68].  
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Alterations in the morphology of the lumbar muscles has been observed in people with low back 
pain. One study using B mode Ultrasound imaging, demonstrated that the cross sectional area of the 
deep lumbar multifidus was smaller on the symptomatic (compared to contra lateral) side, at the 
level of acute lumbar pain within 24 hours of acute pain onset [69]. Further, these changes do not 
necessarily recover despite resolution of pain [70]. In this study, Hides and colleagues compared an 
acute low back pain group receiving normal medical treatment only (advice, limited bed rest, simple 
analgesia) to a group receiving specific therapeutic exercise to perform isolated, isometric 
contractions of multifidus. Despite recovery of pain symptoms in both groups, they found a mean 
difference of cross sectional area of multifidus between sides of 14.02 ± 6.31% at 10 weeks follow 
up in the normally medical treatment group, compared to 0.24 ± 3.29% in the group who performed 
therapeutic exercise. A reduction in the cross-sectional area of multifidus has also been 
demonstrated in a population with CLBP [71]. Magnetic Resonance Imaging (MRI) studies have 
also provided evidence of fatty infiltration within the lumbar multifidus muscle in CLBP 
populations compared to non-symptomatic matched (age, gender, employment, profession) controls 
[72, 73]. Morphological changes specific to the pelvic muscles have also been identified in 
individuals with CLBP. Statistically significant reductions in MRI measured muscle volume 
(percentage change in symptomatic side compared to the non-symptomatic side) have been 
demonstrated in gluteus maximus (6.13-6.29%), gluteus minimus (5.95-7.27%), piriformis (8.2-
8.91%) but not gluteus medius (2.98-3.69%) [74].  
2.3.3 Altered muscle contractile performance 
Consistent with the observed changes in the behaviour and morphology of the trunk and pelvic 
muscles, have been observed changes in the performance of these muscles during tests of muscle 
strength and endurance. It should be noted that findings from these studies do require some caution 
with interpretation as performance during tests may be affected by the presence of pain or fear of 
re-injury in the CLBP group [75]. Maximal isokinetic trunk strength has been shown to be lower in 
females with CLBP compared to healthy controls [76]. Reduced endurance of gluteus medius 
(assessed as side bridge endurance time) has been found to be predictive of the development of low 
back pain during a 2-hour prolonged standing task [77]. However it should be noted that in this 
study only seven out of 24 participants did not develop low back pain, potentially limiting the 
interpretation of group comparisons. Gluteus medius weakness (measured with manual muscle 
testing) has also been demonstrated to be a feature of individuals with CLBP [16]. 
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An imbalance between force generated between the left and right hip extensors in female athletes 
has also been found to be a significant predictor of requiring treatment for low back pain [78]. In 
this study, Nadler and colleagues collected muscle strength data for the hip extensors and abductors 
in 163 collegiate athletes (100 males, 63 females). During the year, 7.9% of female athletes and 8% 
of male athletes sought treatment for LBP. They found that the percentage difference between the 
right and left hip extension strength in females was predictive of the necessity for LBP treatment in 
the following year (females requiring treatment 15% weaker in right extensors, vs. 5.3% weaker for 
non-treatment seekers, P=0.05). No significant relationship was found in percentage difference of 
left and right hip extension strength in males.  
 
2.4 Evidence of aberrant pelvic movement in Chronic Low Back Pain 
2.4.1 Pelvic Transverse Rotation 
A number of studies have specifically investigated the impact of chronic low back pain on pelvis 
movement. Gait studies have shown that healthy individuals demonstrate in phase (synchronous) 
thorax and pelvis transverse rotations at lower speeds and tend towards out of phase rotations at 
higher walking speeds [79, 80].  In contrast a number of studies have demonstrated that individuals 
with CLBP move less out of phase at higher walking speeds [8, 9, 81] than healthy individuals, and 
demonstrate alterations in the coordination and variability of pelvic transverse rotation relative to 
the thorax. This may be suggestive of  a more rigid protective strategy of pelvic movement during 
gait [81]. Another study (utilising a different marker set and based on walkway analysis) 
demonstrated consistently reduced pelvic transverse rotation relative to an unchanged thorax 
rotation on both level and uneven ground in those with CLBP, compared to health controls [11]. 
Transverse plane rotation of the pelvis is also altered in individuals with CLBP in other movement 
tasks. During maximal trunk rotation, individuals with CLBP exhibited reduced pelvis range of 
motion (81.7±5.3° vs. 100.8±6.1°, p=0.02) and decreased mean angular velocity of the pelvis (1.8° 
± 0.1°/% rotation vs. 2.3° ± 0.1°/% rotation) [51]. Scholtes et al. [18] compared individuals with 
low back pain who participated in rotation-based sports and individuals without low back pain who 
did not regularly participate in rotation-related sport. During active knee flexion in prone, 
individuals with CLBP exhibited greater lumbopelvic rotation angle (3.24±1.73° vs. 2.32±1.48°, 
P=0.009) and significantly earlier lumbopelvic rotation (0.26±0.22 vs. 0.39±0.33 seconds, P=0.029) 
compared to individuals with no history of low back pain. Similarly, during active hip lateral 
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rotation, individuals with CLBP exhibited greater lumbopelvic rotation angle (5.85±2.99° vs. 
4.47±2.55°, P=0.022) and significantly earlier lumbopelvic rotation (0.19±0.14 vs. 0.31±0.26 
seconds, P=0.013). Other more homogenous sub-groups of CLBP have demonstrated alterations in 
lumbo-pelvic rotation during trunk flexion, which was also associated with alterations in EMG of 
the erector spinae and hamstring muscles [82]. 
 
2.4.2 Pelvic Sagittal Rotation 
During sit-to-stand movements, individuals with CLBP exhibit significantly later onset of anterior 
pelvic sagittal rotation movement [12], while Shum et al. found reduced range of movement of the 
lumbar spine and hips in the sagittal plane in individuals with sub-acute low back pain, which may 
also be suggestive of altered pelvic kinematics [83]. Reduced pelvic sagittal rotation range of 
motion during maximal trunk flexion has also been demonstrated in individuals with CLBP [14]. 
Individuals within specific subgroups of chronic low back pain also exhibit altered lumbopelvic 
rhythm in the sagittal plane during trunk flexion and return movements [84], which was also related 
to changes in flexion-relaxation responses of the erector spinae muscles. However, another study 
found no differences in pelvis rotation in the sagittal plane between a sub-group of individuals with 
CLBP and healthy controls [18]. In this study, no changes in amplitude or timing of pelvic sagittal 
rotation during active knee flexion in prone was found between individuals with low back pain 
participating in rotation-based sport compared to individuals without low back pain who did not 
participate in rotation-based sport. 
2.4.3 Pelvic Frontal Rotation 
Individuals with CLBP may also display aberrant movement of the pelvis in the frontal plane. 
Compared to workers without a recent low back injury, recently-injured (≤12 months) nurses 
demonstrated significantly lower lumbopelvic control in the frontal plane (62.5% vs. 21.1% 
demonstrating moderate loss of pelvis frontal plane position during the active hip abduction test, 
P=0.044) [15]. A study by Cooper et al. found that the presence of the Trendelenburg sign 
(observed inability to maintain the pelvis level or shifting of trunk to keep the pelvis level during 
single leg stance [85]) was significantly different between subjects with CLBP and healthy controls 
(Cochran’s Q, p <0.001) [16]. A positive test was more frequent on the affected side (54.2%) 
compared to either the unaffected side (7.1%, p < 0.001) or healthy controls (9.7%, p < 0.001). 
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Importantly these altered kinematic movement patterns were also associated with hip abduction 
weakness (assessed using manual muscle testing, r = 0.568, p <0.001).  
 
2.5 Methods to Clinically Assess Movement Control of the Pelvis 
The presence of neuromuscular impairments and concurrently demonstrated aberrant pelvic motion 
observed in CLBP [16, 82, 84] has underpinned recommendations for neuromuscular exercise 
approaches in the management of CLBP, which incorporates movement control of the lumbo-
pelvic-hip complex [86-91].  In the clinical setting the exact approach taken will often be guided by 
findings from the patient examination. With regards to movement control, patient examination will 
often include specific movement control tests of the lumbo-pelvic-hip complex [85, 92, 93]. These 
tests often assess the capacity of the lumbo-pelvic-hip complex to perform discrete movement 
patterns without compensatory movements [94]. However at present there is a lack of 
standardisation regarding how movement performance during these tests, are measured. A review of 
the literature suggests both clinician rating and quantitative measurement methods are utilised. The 
following is a brief description of these methods with much greater detail regarding their 
measurement properties (i.e. reliability and validity) described in Chapter 3. 
2.5.1 Clinician ratings of performance 
 In routine clinical settings, clinicians often rely on subjective ratings of performance during these 
tests in order to assess movement control. This may include assessment of isolated movement 
patterns in a single plane [16, 95] through to overall assessment of multiple body segments [96-98]. 
However, there are a number of limitations associated with subjective ratings of performance. 
Visual ratings are limited to a single plane of movement, and as movement will naturally occur in 
all three planes during these tasks, this may lead to valuable information being missed. Individual 
clinical experience may also influence the agreement between raters [99]. Additionally, faster, more 
dynamic movement tasks may limit the accuracy of assessment of performance through visual 
rating methods. A systematic review assessing the validity of subjective ratings to three-
dimensional motion analysis [27] concluded that although slower, speed controlled movement 
control tests with dichotomous ratings had the best evidence of validity and could be advocated for 
use, faster more dynamic functional movements were more variable. In light of these limitations, 
the need for clinically accessible quantitative methods of motion analysis has been a priority. 
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2.5.2 Quantified measurements of performance 
2.5.2.1 Three-Dimensional (3D) Motion Capture 
Three-dimensional camera-based motion capture is recognised as the reference standard with 
respect to capture and analysis of kinematic performance [100]. Traditional 3D motion capture 
utilises a number of high speed cameras that provide 3D coordinates based on triangulation of 
points from the separate two-dimensional (2D) camera projections (for review see [101]). The most 
commonly used systems employ a passive optical system, whereby retroreflective markers are 
tracked by infrared cameras. One such motion capture system is the Vicon (Vicon, Oxford UK) 
which uses cameras recording up to 120 frames per second (fps) at 16mp (maximum 2000fps) 
[102], and has a reported accuracy error of less than 2mm [103]. Other systems include active 
optical systems, whereby infrared light is captured from ‘active’ markers (for example, markers 
with light emitting diodes (LEDs)). More recently, markerless systems which do not require 
placement of markers on anatomical landmarks have become available. These systems offer a more 
streamlined process for capturing data and are less susceptible to measurement error introduced by 
marker movement due to skin movement or soft tissue artefact, a recognised limitation of marker-
based systems [104, 105]. Markerless systems rely on complex tracking algorithms in order to 
obtain a 3D representation of the subject [105].  
While 3D motion capture systems have the advantage of providing accurate quantification of 3D 
kinematic performance, their use in clinical settings is restricted by cost, time and space constraints, 
as well as the need for a high level of technical expertise. More recently, technological advances 
have been made in the area of inertial measurement units (IMUs). These units generally consist of 
up to three-axis gyroscopes, accelerometers and magnetometers, which respectively provide values 
of angular velocity, gravitational and linear accelerations, and magnetic field [106]. The key 
advantages of IMUs lie in their size, portability and wireless capability [107, 108], as they use 
minimal energy and do not require cameras to capture data. They also present a relatively low cost 
alternative to traditional 3D motion capture. As a result, IMUs are increasingly being used in 
motion capture research settings to provide 3D body segment orientation in the analysis of human 
movement.  
While IMUs have distinct advantages over traditional 3D motion capture methods, accuracy still 
remains an issue [109]. Estimation of 3D coordinates may be hampered by nearby ferromagnetic or 
electrical equipment [110]. Accuracy may also be affected by different sensor types and anatomical 
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location [111]. While evidence regarding the validity and reliability of this measurement system in 
the capture of body segment orientation is increasing [24, 112, 113], this technology remains 
relatively novel and is subsequently not widely used in routine clinical settings. 
2.5.2.2 Two-Dimensional (2D) Motion Capture 
In contrast to camera-based 3D motion capture and IMUs, it is becoming increasingly common 
clinically to utilise readily available 2D videographic media in the evaluation of movement 
performance [114, 115]. With the onset of smart phone and tablet technology, there has been a 
resultant increase in the number of readily available applications to be used in clinical situations, 
with more than 40 000 health, medical and fitness related applications on the market in 2013 [28]. 
A report released in June 2017 found that worldwide there were 3.9 billion smart phone 
subscriptions in 2016 [116]. While this does not necessarily represent individual smart phone users 
(individuals may have more than one subscription, while other subscriptions may be unused) it 
demonstrates the widespread accessibility to affordable, portable technology with video capture 
capabilities. Not surprisingly, there is increasing evidence that simple 2D motion capture systems 
are being used as part of clinical tests commonly used to assess the function of the lumbo-pelvic-hip 
complex, both in terms of aiding visual assessment [97, 117, 118] and in the objective 
quantification of movement changes [118, 119] during test performance. 
While it is undeniable that these systems are readily available for use in clinical settings, evidence 
regarding their validity is limited. While there is some evidence for the validity of 2D motion 
capture in the measurement of hip, knee and trunk kinematics in the frontal and sagittal planes [120-
123], the validity of 2D motion capture of the pelvis appears to be limited to an artificial pelvis in 
static positions [124]. This presents an obvious gap in the literature. Given the demonstrated 
evidence of aberrant motion of the pelvis in a number of clinical conditions, the need to further 
validate the use of 2D motion capture of the pelvis in human subjects during dynamic movement 
control tasks is highlighted. 
Furthermore, there are potential sources of measurement error inherent to the use of 2D motion 
capture that may be poorly understood or not adequately accounted for in clinical settings. All 
photographic lenses will produce some level of distortion affecting measurement of angles or linear 
distances. Two-dimensional video capture relies on light traveling through a series of lenses onto an 
image sensor at a set number of frames per second. At shorter focal lengths, light can enter the 
camera lens from a wider angle, in turn increasing the field of view. While this has the advantage of 
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reducing the required distance of the camera from the subject of interest (of particular benefit in 
clinical settings where space availability may be limited), the projected image may not be 
rectilinear, leading to distortion of the image. This distortion is generally more evident at the edges 
of the image and will be more apparent when the subject at a short distance from the lens. Further 
measurement errors may also be introduced when the camera is not positioned orthogonal to the 
plane of interest [100, 125]. Camera factors such as the image resolution or video capture rate, may 
also impact accuracy of linear distances or angles. 
Finally, while simple to capture and measure, 2D videographic media systems used for the clinical 
assessment of the lumbo-pelvic-hip complex are limited by the difficulty in objectively quantifying 
body segment rotation in the transverse plane. Although representative measurements such as the 
frontal plane projection angle (FPPA) can be used to provide an indication of a 3-dimensional 
movement (i.e. femoral adduction, internal rotation and tibiofemoral abduction) [100], there is 
evidence that pelvic transverse rotation (which due to the inherent limitations of 2D motion capture 
systems is generally not measured) is an important component of tests evaluating lumbo-pelvic-hip 
function [51, 126]. This is an important consideration as clinically, it is suggested that pelvic 
transverse rotation during unilateral weight bearing tests (e.g. single leg squat) may be a 
compensatory movement strategy in response to weakness of the gluteal musculature [33]. Given 
this, it becomes critical that measures of pelvic transverse rotation can be objectively quantified. 
 
2.6 Summary 
In summary, as i) assessment of movement control of the lumbo-pelvic-hip complex appears 
valuable in the assessment and management of individuals with CLBP; ii) there is increasing use of 
simple, user-friendly and readily available 2D motion capture in the clinical evaluation of lumbo-
pelvic-hip function; iii) evidence for the validity of these 2D motion capture in the assessment of 
the pelvis is lacking; and iv) the inherent limitations regarding the use of this media appear poorly 
understood or ignored in the literature, there is an urgent clinical need to address the current gaps in 
the literature regarding the use of these 2D methods.  
The purpose of this thesis is three-fold. Firstly it will systematically evaluate the current state of 
knowledge regarding the reliability and validity of measurement methods used to evaluate 
movement control tests of the lumbo-pelvic-hip complex (Study 1, see Chapter 3). Secondly, the 
thesis describes and evaluates the validity and reliability of a refined 2D videographic system in 
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measuring angular displacement of the pelvis, which includes a novel method of measuring pelvic 
rotation in the transverse plane (Studies 2-3, see Chapter 4 and Chapter 6). Thirdly, the kinematic 
measures derived from the novel 2D method will be evaluated as to their capacity to detect 
differences of potential clinical relevance between individuals with and without CLBP, during 
commonly used movement control tests of the lumbo-pelvic-hip complex (Study 4, see Chapter 7). 
 
2.7 Aims of thesis 
The overall aim of this thesis is to further develop and inform the clinical use of 2D kinematic 
methods of motion capture of the lumbo-pelvic-hip complex. Although the thesis will utilize a 
CLBP population, it is anticipated that findings will also have relevance to other clinical 
populations (e.g. lower limb conditions). The specific aims of the thesis are as follows: 
1. To undertake a Systematic Review (Study 1, see Chapter 3) of the literature to identify the 
current state of knowledge regarding clinical tests of movement control of the lumbo-
pelvic-hip complex. Specifically the review will  i) assess the current evidence regarding 
the reliability of these tests, with particular reference to subjective ratings of 
performance versus quantitative measures of performance; and ii) assess the validity of 
these tests as indicators of muscle performance using the gluteal muscles (for which they 
are commonly touted to assess) as a model. 
2. To develop and validate a novel 2D videographic method of measuring pelvic transverse 
rotation through measurement of marker motion (Study 2, see Chapter 4). This will 
address current limitations in the use of 2D motion capture of the pelvis and will include 
recommendations regarding the new method’s measurement parameters and implications 
for clinical use.  
3. To examine the level of agreement between the 2D videographic method (which utilizes 
digital SLR cameras) and the gold standard 3D motion analysis system (Vicon) (Study 
3, see Chapter 6) in the measurement of lumbo-pelvic-hip complex motion during the 
performance of motion control tests. 
4. To determine the reliability of kinematic measures of the lumbo-pelvic-hip region derived 
from use of the 2D videographic method during the performance of motion control tests 
of the lumbo-pelvic-hip complex (Study 4, see Chapter 7). 
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5. To determine if the kinematic measures derived from the novel 2D method can detect 
differences in performance between individuals with and without CLBP, during the 
motion control tests of the lumbo-pelvic-hip complex (Study 4, see Chapter 7). 
6. To further examine the clinical relevance of the kinematic measures derived from the novel 
2D method by determining their relationship with other clinically meaningful measures 
(self-reported measures of pain, disability and fear of movement) of the CLBP condition 
(Study 4, see Chapter 7). 
 
 
 
 
 
 
 
 
 
 
Chapter 3 is adapted from the following publication 
 
Window PJ, Culvenor AG, Michaleff Z, Tucker K, Hodges PW, O’Leary SP. 
“Are movement control tests of the lumbo-pelvic-hip region reliable and are they informative 
regarding gluteal muscle function: a systematic review” 
Submitted 
16 
 
Chapter 3. Are movement control tests of the lumbo-pelvic-hip 
region reliable and are they informative regarding gluteal 
muscle function: a systematic review 
 
Chapter 2 highlighted the importance of assessing and quantifying pelvic motion in the context of 
detecting aberrant motion that may potentially reflect underlying neuromuscular control deficits. 
Issues relating to quantifying movement in clinical settings were discussed and the need for 
clinically accessible methods of quantifying motion capture was illustrated. A further issue 
regarding the use of movement control tests relates to the reliability of performance and 
measurement error associated with the method of assessing performance. In this Chapter evidence 
regarding the reliability of measurements to assess performance of movement control tests of the 
lumbo-pelvic-hip complex is systematically reviewed, with a particular emphasis on assessment via 
quantitative methods versus subjective ratings of performance. Additionally, the validity of these 
measures during the performance of motion control tests as being indicative of muscle function is 
reviewed using the gluteal muscles as a model. 
Please note: This Chapter contains abbreviations and some terminology that is specific to this 
chapter and is slightly different to that standardly used in the other chapters. These 
abbreviations/terminology although self-explanatory, are maintained from the submitted 
manuscript for two reasons. Firstly to avoid disturbance to the formatting of the Tables and Figures 
contained within the Systematic Review. Secondly, to reflect the subtle differences in motion control 
tests and pelvic motion descriptors used in the papers contained within the systematic review, to 
that described in the other thesis chapters.    
 
--- This chapter is currently under review in a peer-reviewed journal --- 
 
3.1 Introduction 
Movement control tests of the lumbo-pelvic-hip complex are commonly used to assess motor 
function of the trunk and lower extremities in a range of musculoskeletal conditions [127-129]. 
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Performance during these tests are assessed using a variety of methods, including observational 
ratings and quantification of body segment orientation through the use of quantified measurement 
tools or motion capture (2-dimensional (2D) or 3-dimensional (3D)) methods.  
Despite widespread use of these tests few studies have investigated their reliability. In particular it 
is unclear to what degree reliability of these tests is influenced by natural variation in an 
individual’s performance of the test over multiple sessions, and how much is determined by the 
measure used to quantify performance (therapist ratings, quantified motion). Knowledge of these 
sources of variation in reliability would inform clinical application of these tests [130-132]. 
There is also uncertainty regarding what is evaluated by these movement control tests of the lumbo-
pelvic-hip complex. Performance is likely to be affected by multiple factors such as balance [133], 
agility [134], or muscle strength [135]. It is commonly argued that these tests indicate gluteal 
muscle function [136-139]. The gluteal muscles (in particular gluteus maximus (GMAX) and gluteus 
medius (GMED)) are primary torque producers at the hip [140, 141] and necessary for optimum 
function during weight bearing tasks such as gait, sit-to-stand and stair climbing [39-41]. Although 
this role of the gluteal muscles supports the use of these tests as a measure of their function, 
evidence of association between altered test performance (e.g. aberrant motion) and impaired 
gluteal muscle function (i.e. altered gluteal strength, control, morphology) has not been reviewed. 
This systematic review had two aims. First, we examined the literature regarding the reliability of 
five commonly reported movement control tests of the lumbo-pelvic-hip complex. These included 
two non-weight bearing tests:  i) active hip abduction test (AHABDUCT)[92], and ii) prone hip 
extension test (PHEXTEN)[142]; and three weight bearing tests: iii) single-leg stance (SLSTANCE)[85], 
iv) single-leg squat (SLSQUAT)[143], and v) single-leg drop (SLDROP)[144]. Key issues to consider 
were whether there was similar reliability for observational ratings and quantitative measures, and 
the independent contributions to test reliability of; (i) natural variation in task performance 
(measurements recorded over two separate test performances; test-retest), and (ii) measurement 
error (measurements recorded from a single test performance; photos/video capture/simultaneous 
ratings). Second, we examined the validity of these tests as measures of gluteal muscle function. 
Although we acknowledge that many factors determine performance during these tests, this 
systematic review focused on their interpretation with respect to gluteal muscle function as this is 
commonly inferred in the literature and a primary purpose for use of these tests in clinical 
assessment. 
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3.2 Methods 
This study followed the PRISMA guidelines for reporting systematic reviews and meta-analyses 
[145]. An electronic database search of PubMed, CINAHL and EMBASE was performed in 
October 2016 to identify relevant studies that investigated the five selected clinical tests. Individual 
search strategies were developed for each test. The search strategies employed for each test and 
database are presented in Appendix 1. No language restriction was applied and translations were 
obtained where possible. 
3.2.1 Study Selection 
Two authors (PW, and either AC or ZM) independently screened all titles and abstracts retrieved by 
the electronic database search. Any disagreements were discussed and if a consensus could not be 
reached (one paper) they were resolved by another author (SO). The same two authors then applied 
the inclusion/exclusion criteria to full text articles for final eligibility screening. Reference lists of 
eligible articles were also screened for additional articles. Full text articles written in languages 
other than English would be translated where possible to assess eligibility and enable data 
extraction. The flow of study selection is presented in Figure 3-1.  
3.2.2 Inclusion/Exclusion Criteria 
Studies were included if participants were adults (aged 18-65 years) and used a cross-sectional, 
longitudinal, or case-control design. Papers were excluded if they only assessed patient reported 
measures, or included participants with non-musculoskeletal (e.g. neurological) or post-surgical 
conditions. Also excluded were studies that investigated the impact of interventions (e.g. bracing, 
exercise) on test performance, or increased the complexity of the test by performing it concurrently 
with tasks that could potentially confound performance.  
Potentially eligible studies included those that investigated reliability (e.g. test-retest, intra- or inter-
rater) or validity (demonstrable relationship between test performance and another measure of 
gluteal muscle function/impairment/pathology) of the AHABDUCT, PHEXTEN, SLSTANCE, SLSQUAT, or 
SLDROP tests. As considerable variability in reporting and performance of tests was anticipated, 
eligibility for inclusion was restricted to studies that performed tests according to the following 
criteria in order to optimize homogeneity between studies:  
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AHABDUCT:  Positioned side-lying with lower limbs fully extended. Active abduction of the hip is 
performed to approximately 30°, keeping the knee extended and the lower limb aligned with the 
trunk, while maintaining the alignment of the pelvis in the frontal plane [92].  
PHEXTEN: Positioned prone on a plinth and lifts the leg to be tested from a neutral hip position to an 
extended hip position with a fully extended knee [146].  
SLSTANCE: Positioned in quiet, unipedal stance on the side to be tested for up to 30 seconds. We 
included studies that reported on the Trendelenburg Test [85], in addition to studies that assessed 
control in single-leg stance. 
SLSQUAT: Performance of a single-leg squat on a flat, stable surface to a minimum of 30° knee 
flexion in a relatively upright trunk position [143]. 
SLDROP: Hop from a single leg stance position from a height of 10cm-60cm, and land and stabilize 
on the same lower limb [147].  
Specific details on criteria used to measure test performance are provided for each study in Table 3-
2. 
3.2.3 Assessment of risk of bias 
The QualSyst quality appraisal tool was used to score the methodological quality of eligible studies 
[148]. This tool was developed for both qualitative and quantitative studies and has been used 
previously in systematic reviews of quantitative [149, 150] and qualitative [151, 152] data. Two 
authors independently assessed the quality of each eligible article (PW, and either AC or ZM). Any 
disagreements were discussed between these authors until consensus was reached. For the purposes 
of this review, studies with a Qualsyst score ≥0.80 were considered to be of low risk of bias, which 
is conservative relative to previously published reviews [153]. 
3.2.4 Data extraction 
Two authors (PW, and either AC or ZM) independently extracted data from all eligible studies. 
Extracted data included sample demographics (e.g. age, sex, pathological condition); individual test 
investigated, outcome measures used, and study results (e.g. inter- and intra-rater reliability, 
correlations). Where applicable, mean and standard deviations of outcome measures, intra-class 
correlation coefficients (ICC) or kappa (κ) values were extracted. If data were not presented in the 
paper, authors were contacted to request further information. 
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Records identified in initial searches 
(n=10498) 
AHABDUCT: n=627 
PHEXTEN: n=509 
SLSTANCE: n=6213 
SLSQUAT: n=1206 
SLDROP: n=1943 
Records screened 
(n=6638) 
AHABDUCT: n=392 
PHEXTEN: n=274 
SLSTANCE: n=4067 
SLSQUAT: n=741 
SLDROP: n=1164 
 
50* studies included in final analysis 
AHABDUCT: n=2 
PHEXTEN: n=3 
SLSTANCE: n=20* 
SLSQUAT: n=26* 
SLDROP: n=7* 
*Seven papers were eligible for multiple tests 
Records after duplicates removed 
(n=6622) 
AHABDUCT: n=390 
PHEXTEN: n=265 
SLSTANCE: n=4066 
SLSQUAT: n=737 
SLDROP: n=1164 
 
 
Full text articles excluded 
(n=262) 
Test not according to set criteria (n=84) 
Does not consider test reliability, or validity 
as measure of gluteal function (n=156) 
Population not eligible (e.g. age, post-
surgical) (n=22) 
 
Additional records identified through other 
sources 
(n=1) 
SLSTANCE: n=1 
 
 
Records excluded 
(n=6327) 
AHABDUCT: n=377 
PHEXTEN: n=232 
SLSTANCE: n=3987 
SLSQUAT: n=643 
SLDROP: n=1088 
 
Full text articles assessed 
(n=311) 
AHABDUCT: n=15 
PHEXTEN: n=42 
SLSTANCE: n=80 
SLSQUAT: n=98 
SLDROP: n=76 
 
 
Figure 3-1: Flow diagram of study selection. AHABDUCT = active hip abduction Test; PHEXTEN = 
prone hip extension test; SLSTANCE = single-leg stance test; SLSQUAT = single-leg squat test; 
SLDROP = single-leg drop 
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3.2.5 Statistical analysis 
The homogeneity of clinical aspects of the studies was evaluated qualitatively based on the 
extracted data (population and test characteristics, outcomes measured). Meta-analysis was not 
possible due to substantial clinical heterogeneity and a best evidence synthesis of the findings was 
conducted. This was based on updated guidelines [154] following published levels of evidence 
[155]: i) strong evidence - consistent (≥75%) findings among multiple (≥2) high quality (i.e. low 
risk of bias) studies; ii) moderate evidence - findings in one high quality study and consistent 
(≥75%) findings in multiple (≥2) low quality (i.e. high risk of bias) studies; iii) limited evidence - 
findings in one high quality study or consistent findings in ≥3 low-quality studies; iv) conflicting or 
inconclusive evidence - <75% of the studies reported consistent findings or results were only from 
one study. Results for reliability studies were divided into those using observation and quantitative 
methods for measurement. Within these two groups of studies, results were further divided into 
those evaluated from; i) repeated performance of the test, and ii) recorded from a single test 
performance using recorded images or simultaneous recordings. This was done to permit evaluation 
of the variation in reliability of the measurement method with (repeated test) and without (single 
test) natural variation in participant test performance over multiple sessions. 
For assessment of reliability of continuous data, ICC values were considered poor (<0.40), 
moderate (0.4-0.74), or excellent (0.75-1.00) [156]. For assessment of reliability of categorical data, 
kappa scores were considered poor (<0.00), slight (0.00-0.20), fair (0.21-0.40), moderate (0.41-
0.60), substantial (0.61-0.8), and almost perfect (0.81-1.0) [157]. For assessment of strength of 
correlations for validity studies, r values were considered to indicate negligible correlation (0.00 to 
0.30/-0.30), low positive (negative) correlation (0.30/-0.30 to 0.50/-0.50), moderate positive 
(negative) correlation (0.50/-0.50 to 0.70/-0.70), high positive (negative) correlation (0.70/-0.70 to 
0.90/-0.90), or very high positive (negative) correlation (0.90/-0.90 to 1.00/-1.00)  [158]. 
 
3.3 Results 
3.3.1 Search strategy 
The search identified 50 full-text papers that described one or more of the tests that met the 
inclusion criteria for review (Figure 3-1). This included one paper found from screening reference 
lists. One paper was translated (Portuguese) and subsequently determined to be ineligible. 
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3.3.2 Risk of bias assessment  
Total quality scores for individual papers ranged from 0.7 to 1.0, with a mean score of 0.87 (Table 
3-1). Most studies demonstrated low risk of bias for choice of outcome measures and analytic 
methods. In many studies, descriptions of participant groups and recruitment methods were poor. In 
studies with comparison groups, blinding of investigators to participant group allocation was not 
routinely performed. 
3.3.3 Study characteristics 
Studies included those that investigated the reliability of clinical ratings via observation (20 papers) 
or quantitative measures of test performance (22 papers), and papers that investigated the validity of 
the tests against measures of gluteal muscle performance (23 papers) and pathology (1 paper). As 
heterogeneity of clinical aspects of the included studies (both in respect to standardization of the 
test and outcome, and population characteristics) precluded the possibility of meta-analysis of any 
outcomes, the following provides a best evidence synthesis of the findings. Individual scoring 
criteria for each study is outlined in Table 3-2. 
3.3.4 Reliability of Observational Ratings of Test Performance 
Reliability of observational methods ranged from negligible [159] to almost perfect [160], however 
the majority of studies found moderate to substantial levels of agreement. Twenty papers were 
found investigating reliability of clinical ratings via observation, including 13 using 2D video 
methods and 9 using observation of live performance (one paper evaluated both [96]). Only three 
studies investigated reliability of two repetitions of the test [16, 161, 162]. Of these, only intra-rater 
reliability of SLSQUAT performance [162] could be compared with similar rating measures over a 
single test performance [96, 97, 163], with evidence suggesting that intra-rater reliability may be 
higher when variability in performance is eliminated. It is acknowledged however that the potential 
for recall bias may be a factor impacting intra-rater reliability, although this is mitigated by study 
designs that leave appropriate time between re-assessment.  
3.3.4.1 Reliability evaluated from a single test performance 
AHABDUCT: 
Evidence for reliability of AHABDUCT when scored using the 4-point likert scale (0 – no difficulty to 
4 – major difficulty) was limited. One study showed moderate inter- and intra-rater reliability when 
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performance was rated from video recordings [117]. When scores were dichotomized (positive = 
unsuccessful performance, negative = successful performance), evidence was conflicting, with 
moderate reliability when rated based on video recordings [117] and poor reliability when observed 
simultaneously by two examiners [159]. 
Table 3-1: Risk of Bias Assessment 
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AHABDUCT 
Davis 2011 2 2 2 0 N/A N/A N/A 2 2 2 2 N/
A 
2 2 0.90 
Rabin 2013  2 2 2 2 N/A N/A N/A 2 2 2 2 N/
A 
2 2 1.00 
PHEXTEN 
Bruno 2008 1 2 1 1 N/A N/A N/A 2 2 2 2 0 2 2 0.77 
Bruno 2014 1 2 2 2 N/A 2 N/A 2 2 1 2 2 2 1 0.88 
Murphy 2006  1 2 2 2 N/A N/A N/A 1 2 0 2 N/
A 
1 1 0.70 
SLSTANCE 
Allison 2016 2 2 2 2 N/A N/A N/A 2 2 2 2 2 2 1 0.95 
Akins 2013 2 2 1 2 N/A N/A N/A 2 1 2 2 2 2 2 0.91 
Arifin 2014 2 2 1 2 N/A N/A N/A 2 2 2 2 N/
A 
2 2 0.95 
Bird 2001 2 1 2 1 N/A 2 N/A 1 2 2 2 N/
A 
2 2 0.86 
Birmingham 2000 1 2 1 2 N/A N/A N/A 2 2 2 2 N/
A 
2 2 0.90 
Cibere 2008 1 2 2 2 N/A N/A N/A 2 1 2 0 N/
A 
2 1 0.75 
Clark 2015 1 2 1 2 N/A N/A N/A 2 2 2 2 N/
A 
2 2 0.90 
Cooper 2015 1 2 2 2 N/A 1 N/A 2 1 2 2 2 2 1 0.83 
DiMattia 2005 2 2 1 2 N/A N/A N/A 2 1 2 0 N/
A 
2 2 0.80 
Edmondston 2013 2 2 2 2 N/A N/A N/A 2 2 2 2 N/
A 
2 2 1.00 
Fujita 2017 1 2 1 2 N/A N/A N/A 2 1 2 2 N/
A 
1 1 0.75 
Kendall 2010 2 2 1 2 N/A 0 N/A 1 2 2 0 2 2 2 0.75 
Kouvelioti 2015 2 2 1 1 N/A N/A N/A 2 2 2 1 N/
A 
1 1 0.75 
Lee 2014 2 1 1 2 N/A 0 N/A 2 2 2 2 2 2 2 0.83 
Luomajoki 2007 1 2 1 2 N/A 2 N/A 2 2 2 2 2 2 2 0.92 
Penney 2014 2 2 2 2 N/A 2 N/A 2 2 2 2 N/
A 
2 2 1.00 
24 
 
Key: 2 =2 1 =1 0 =0 N/A = Not Applicable   
Paper 
Q
u
es
ti
o
n
/ 
O
b
je
ct
iv
e 
su
ff
ic
ie
n
tl
y 
d
es
cr
ib
ed
? 
St
u
d
y 
d
es
ig
n
 e
vi
d
en
t 
an
d
 a
p
p
ro
p
ri
at
e
? 
M
et
h
o
d
 o
f 
su
b
je
ct
/c
o
m
p
ar
is
o
n
 g
ro
u
p
 
se
le
ct
io
n
 o
r 
so
u
rc
e 
o
f 
in
fo
rm
at
io
n
/i
n
p
u
t 
va
ri
ab
le
s 
d
es
cr
ib
ed
 a
n
d
 a
p
p
ro
p
ri
at
e?
 
Su
b
je
ct
 (
an
d
 c
o
m
p
ar
is
o
n
 g
ro
u
p
, i
f 
ap
p
lic
ab
le
) 
ch
ar
ac
te
ri
st
ic
s 
su
ff
ic
ie
n
tl
y 
d
es
cr
ib
ed
? 
If
 in
te
rv
en
ti
o
n
al
 a
n
d
 r
an
d
o
m
 a
llo
ca
ti
o
n
 
w
as
 p
o
ss
ib
le
, w
as
 it
 d
es
cr
ib
ed
? 
If
 in
te
rv
en
ti
o
n
al
 a
n
d
 b
lin
d
in
g 
o
f 
in
ve
st
ig
at
o
rs
 w
as
 p
o
ss
ib
le
, w
as
 it
 
re
p
o
rt
ed
? 
If
 in
te
rv
en
ti
o
n
al
 a
n
d
 b
lin
d
in
g 
o
f 
su
b
je
ct
s 
w
as
 p
o
ss
ib
le
, w
as
 it
 r
ep
o
rt
ed
? 
O
u
tc
o
m
e 
an
d
 (
if
 a
p
p
lic
ab
le
) 
ex
p
o
su
re
 
m
ea
su
re
(s
) 
w
el
l d
e
fi
n
ed
 a
n
d
 r
o
b
u
st
 t
o
 
m
ea
su
re
m
en
t 
/ 
m
is
cl
as
si
fi
ca
ti
o
n
 b
ia
s?
 
M
ea
n
s 
o
f 
as
se
ss
m
en
t 
re
p
o
rt
ed
? 
Sa
m
p
le
 s
iz
e 
ap
p
ro
p
ri
at
e?
 
A
n
al
yt
ic
 m
et
h
o
d
s 
d
es
cr
ib
ed
/ 
ju
st
if
ie
d
 a
n
d
 a
p
p
ro
p
ri
at
e?
 
So
m
e 
es
ti
m
at
e 
o
f 
va
ri
an
ce
 is
 r
ep
o
rt
e
d
 f
o
r 
th
e 
m
ai
n
 r
es
u
lt
s?
 
C
o
n
tr
o
lle
d
 f
o
r 
co
n
fo
u
n
d
in
g?
 
R
es
u
lt
s 
re
p
o
rt
ed
 in
 s
u
ff
ic
ie
n
t 
d
et
ai
l?
 
C
o
n
cl
u
si
o
n
s 
su
p
p
o
rt
ed
 b
y 
th
e 
re
su
lt
s?
 
To
ta
l S
co
re
 
Tidstrand 2009 1 1 2 1 N/A 2 N/A 2 2 2 0 0 2 2 0.71 
Williams 2015 1 2 2 2 N/A N/A N/A 2 1 2 2 N/
A 
2 2 0.90 
Youdas 2007 2 2 1 2 N/A 2 N/A 2 2 2 2 N/
A 
1 1 0.86 
Youdas 2010 2 2 1 2 N/A 1 N/A 2 2 2 2 2 2 2 0.92 
SLSQUAT 
Ageberg 2010 2 2 1 2 N/A 2 N/A 2 2 2 2 1 1 2 0.88 
Akins 2013 2 2 1 2 N/A N/A N/A 2 1 2 2 2 2 2 0.91 
Alenezi 2013 1 2 1 2 N/A N/A N/A 2 2 2 2 N/
A 
2 2 0.90 
Baldon Rde 2011 2 2 1 2 N/A N/A N/A 2 1 2 2 1 2 1 0.82 
Chmielewski 2007 2 2 1 2 N/A N/A N/A 2 2 2 2 N/
A 
2 2 0.95 
Claiborne 2006 2 2 1 2 N/A N/A N/A 2 1 2 1 1 2 1 0.77 
Crossley 2011 2 2 1 2 N/A N/A N/A 2 2 2 2 2 2 2 0.95 
DiMattia 2005 2 2 1 2 N/A N/A N/A 2 1 2 0 N/
A 
2 2 0.80 
Dingenen 2014 1 2 1 2 N/A 2 N/A 2 2 2 2 N/
A 
2 2 0.91 
Edmondston 2013 2 2 2 2 N/A N/A N/A 2 2 2 2 N/
A 
2 2 1.00 
Frohm 2012 1 2 1 2 N/A N/A N/A 2 1 2 1 N/
A 
2 2 0.80 
Gwynne 2014 1 2 1 2 N/A N/A N/A 2 2 2 2 N/
A 
2 2 0.90 
Harris-Hayes 2014 2 2 2 2 N/A N/A N/A 2 2 2 2 N/
A 
2 1 0.95 
Herrington 2014 2 2 2 2 N/A 2 N/A 2 1 2 2 2 2 1 0.92 
Hollman 2014 2 2 1 2 N/A N/A N/A 2 2 2 2 2 2 2 0.95 
Kennedy 2010  2 1 2 0 N/A N/A N/A 2 2 2 2 N/
A 
1 2 0.80 
Mauntel 2013  2 2 2 2 N/A N/A N/A 2 2 2 2 2 2 2 1.00 
Munro 2012 1 2 1 2 N/A N/A N/A 2 2 2 2 2 2 1 0.86 
Munkh-Erdene 2011 2 2 1 1 N/A N/A N/A 2 1 1 2 N/
A 
2 1 0.75 
Nakagawa 2014 2 2 1 2 N/A N/A N/A 2 2 2 2 N/
A 
2 2 0.95 
Nguyen 2011  2 2 1 2 N/A N/A N/A 2 2 2 2 2 2 2 0.95 
Poulsen 2011 2 2 2 0 N/A N/A N/A 2 1 2 2 N/
A 
2 2 0.85 
Stensrud 2011 1 2 2 2 N/A N/A N/A 2 2 2 2 N/
A 
2 1 0.90 
Stickler 2015 2 2 1 2 N/A N/A N/A 2 2 2 1 N/
A 
2 2 0.90 
Weeks 2012 2 2 1 2 N/A N/A N/A 2 1 2 2 N/
A 
2 2 0.90 
Willson 2006 2 2 1 2 N/A N/A N/A 2 2 2 2 2 2 2 0.95 
SLDROP 
Akins 2013 2 2 1 2 N/A N/A N/A 2 1 2 2 2 2 2 0.91 
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Alenezi 2013 1 2 1 2 N/A N/A N/A 2 2 2 2 N/
A 
2 2 0.90 
Herrington 2014 2 2 2 2 N/A 2 N/A 2 1 2 2 2 2 1 0.92 
Munro 2012 1 2 1 2 N/A N/A N/A 2 2 2 2 2 2 1 0.86 
Munkh-Erdene 2011 2 2 1 1 N/A N/A N/A 2 1 1 2 N/
A 
2 1 0.75 
Popovich 2012 2 2 2 2 N/A 0 N/A 2 1 2 2 2 2 2 0.88 
Schmitz 2007 2 2 1 2 N/A N/A N/A 2 1 2 2 0 2 2 0.75 
The quantitative checklist component of the QualSyst tool consists of 14 items, with a maximum 
score of 28 (Yes=2; Partial=1; No=0; N/A). The final score is calculated as the total score, divided 
by the total possible score (28-(number of “n/a” x 2)).  
PHEXTEN: 
Limited evidence was found for the inter-rater reliability of examiner ratings of the PHEXTEN test 
(positive = observation of spinal rotation, lateral shift and/or hyperextension) when performance 
was assessed simultaneously by two assessors. Substantial agreement was found in one moderate 
quality study [164], whereas one high quality study [165] found substantial to almost perfect 
agreement between examiner ratings, depending on statistical method used (kappa vs. prevalence-
adjusted-bias-adjusted-kappa). 
SLSTANCE: 
Inconclusive evidence of inter-rater reliability for SLSTANCE was found based on simultaneous 
observation of performance. When performance was dichotomized as positive (spine deviation from 
vertical, pelvis deviation from horizontal, compensatory arm movements, or ≥2 short changes from 
starting position) or negative, almost perfect reliability was reported in one low quality study [166]. 
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Table 3-2. Table of Characteristics 
Study Population Methodology  Assessment method Outcomes Relevant Findings 
AHABDUCT      
Davis 
2011[117] 
64 healthy 
participants  
Observational (2D 
video) 
Single test 
Inter-rater (16 
raters), Intra-rater 
(14 raters) 
Hip abduction in side lying to 
approximately 30°  
Rated based on ability to maintain pelvis 
position in frontal plane 
Inter-rater (Likert scale) ICC 0.74, (Dichotomised) ICC 0.59 
Intra-rater (average) ICC 0.74 
Rabin 
2013[159]   
30 participants 
with low back 
pain (15 males, 15 
females) 
Observational (2D 
video) 
Single test 
Inter-rater (4 raters) 
Hip abduction in side lying to 
approximately 30°  
Rated based on ability to maintain pelvis 
position in frontal plane 
Inter-rater reliability Κ=-0.09, 60% agreement. 
PHEXTEN      
Bruno 
2008[167]  
27 healthy 
participants.  
Observational (live 
performance) 
Single test 
N/A 
Hip extension to 20-30° in prone, 
maintaining neutral hip rotation, 
full knee extension, neutral ankle 
position. 
Positive if rotation, lateral shift or extension 
of the lumbar spine observed. 
Positive group demonstrated significant delay of mean onset times of GMAX, 
Hamstrings, contralateral and ipsilateral erector spinae (relative to onset of leg 
movement). 
Bruno 
2014[165] 
70 participants: 
30 with low back 
pain (10 males, 20 
females) and 40 
controls (20 
males, 20 
females). 
Observational (live 
performance) 
Single test 
Inter-rater (2 raters) 
Hip extension to 20-30° in prone, 
maintaining neutral hip rotation, 
full knee extension, neutral ankle 
position. 
Positive if rotation, lateral shift or extension 
of the lumbar spine observed. 
Overall agreement 91.7% between examiners, ĸ 0.76. Prevalence adjusted bias 
adjusted kappa (PABAK) 0.83; prevalence index 0.55, bias index 0.08. 
 
Murphy 
2006[164]  
42 patients with 
chronic low back 
pain (11 males, 31 
females).  
Observational (live 
performance) 
Single test 
Inter-rater (2 raters) 
Hip extension to 20-30° in prone, 
maintaining neutral hip rotation, 
full knee extension, neutral ankle 
position. 
Positive if rotation, lateral shift or extension 
of the lumbar spine observed. 
Measure of agreement κ=0.72 (left leg), κ=0.76 (right leg). 
 
SLSTANCE      
Allison 2016 
[168] 
18 participants 
with gluteal 
tendinopathy (14 
females, 4 males) 
and 18 controls. 
Quantitative (2D 
video) 
Single test 
N/A 
Barefoot on force platform, non-
test leg at ~45° knee flexion. Held 
for ~8 seconds. 
Hip adduction, pelvic obliquity trunk lean 
and lateral pelvic translation collected. 
 
Individuals with gluteal tendinopathy exhibited greater hip adduction, less 
contralateral pelvic rise, even after adjusting for BMI, inter-ASIS and trochanteric 
widths. When adjusting for hip abductor strength, there were no significant 
between-group differences in kinematics. 
Akins 
2013[169]  
24 male 
footballers with 
indication of 
gluteal 
dysfunction  
Quantitative (Force 
platform) 
Single test 
N/A 
Barefoot on force platform, non-
test leg just off ground. 10 
second duration.  
Ground reaction forces. 
Isokinetic maximal hip abduction and 
extension strength  
Moderate to high negative correlations found between hip abduction strength 
and Ground Reaction Forces. 
Moderate negative correlation between hip extension strength and 
anterior/posterior Ground Reaction Forces. 
Arifin 
2014[170] 
20 healthy 
participants. 8 
males, 12 females  
Quantitative (Biodex 
Stability System) 
Repeated test (2 
occasions, 1 week 
Barefoot, dominant leg on stable 
platform, non-test leg in slight 
knee flexion, arms by side.  
 
Stability index (overall, Anterior-Posterior, 
Medial-Lateral) 
Intra-rater relative reliability: Overall stability index ICC 0.85, Anterior-Posterior 
Stability Index ICC 0.78, Medial-Lateral Stability index ICC 0.84 SEM 0.08 to 0.10. 
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Study Population Methodology  Assessment method Outcomes Relevant Findings 
apart). 
Intra-rater 
Bird 2001[95]  24 females, with 
symptoms of 
Greater 
Trochanteric Pain 
Syndrome.  
Observational (live 
performance) 
Single test 
N/A 
Assessed in single leg stance and 
during gait.  
Positive if level of lateral pelvic tilt definitely 
abnormal in both static and ambulant 
position. 
Positive Trendelenburg’s sign provided 72.7% sensitivity and 76.9% specificity in 
predicting a gluteus medius tear (partial or complete, using MRI as the surrogate 
gold standard). 
 
Birmingham 
2000[171] 
30 healthy 
participants. 15 
males, 15 females 
Quantitative (Force 
platform) 
Repeated test (2 
occasions, >24 hrs 
and <1 week apart). 
Within and 
between-session. 
Assessed over 10 seconds on a 
stable force platform. Non-test 
leg in 90° knee flexion, looking 
straight ahead.  
Centre of pressure path lengths. Within-session reliability ICC 0.78 (males) to 0.82 (females) group average 0.80, 
average SEM 6. 
Between-session reliability ICC 0.88 (males) to 0.90 (females), group average 
0.89, average SEM 4.6cm. 
Cibere 
2008[161]  
6 subjects with 
symptoms of hip 
osteoarthritis. 1 
male, 5 females  
Observational (live 
performance) 
Single test (assessed 
pre- and post-
standardisation). 
Inter-rater (6 raters) 
Described as Trendelenburg’s 
Test. 
 
Described as Trendelenburg’s Test. 
 
Pre-standardization: Prevalence Adjusted Bias Adjusted Kappa (PABAK) of 0.36 
(prevalence 0.25, Bias 0.23). 
Post-standardization: PABAK of 0.06 (Bias 0.39, Bias 0.42). 
Clark 
2015[172] 
30 participants. 
15 males, 15 
females  
Quantitative 
(Microsoft Kinect V2 
and 3D motion 
analysis) 
Repeated test (2 
occasions 1 week 
apart). 
Test-retest 
Assessed over 15 seconds.  3D kinematics of sternum and pelvis 
(anterior-posterior and medial-lateral range 
(cm) and path length (cm)) quantified 
simultaneously using Microsoft Kinect V2 
and 3D motion analysis. 
Test-retest reliability (Kinect V2) ICC 0.08 (Pelvis Medial-lateral range) to 0.73 
(Pelvis Medial-lateral path length). SEM 9.2-38.4%. Reliability (3D motion 
analysis) ICC -0.03 (Pelvis anterior-posterior range) to 0.93 (Sternum Medial-
lateral path length). SEM 10.7-41.9%. 
Cooper 
2015[16] 
6 subjects (3 with 
chronic low back 
pain, 3 controls)  
Observational (Live 
performance) 
Single test 
Inter-rater (4 
raters). 
Assessed from behind subject. Positive if unable to maintain pelvis level, or 
had to shift trunk to keep pelvis level. 
Manual muscle testing of GMAX and GMED. 
Inter-rater reliability (ICC 1.00). 
Positive test a significant predictor of gluteus medius weakness (0.568, p<0.001 
results, table 2). 
 
DiMattia 
2005[173]  
50 healthy 
participants. 26 
males, 24 females  
Quantitative (3D 
motion analysis) 
Single test 
N/A 
Participants stood on one leg for 
one second duration. 
 
3D kinematics (peak hip 
abduction/adduction, collected during 1 
second static file). Isometric maximal hip 
abduction strength collected 
Negligible non-significant correlation between normalized hip abduction strength 
and hip adduction angle (r = .22, P = .13).  
 
Edmondston 
2013[119] 
31 healthy female 
participants 
 
Quantitative (2D 
image), 
Observational (2D 
image) 
Single test 
Inter-rater (2 raters) 
Non-test leg in 30° hip flexion.  2D image used to calculate femoropelvic 
angle and trunk lean angle. 2D image also 
rated to determine direction of trunk 
movement. 
Reliability of measurement of femoropelvic angle: Within-side ICC 0.94-0.97, SEM 
0.6°, MD 1.6-1.8°. Between-side ICC 0.59. 
Reliability of measurement of trunk lean angle (within-side): ICC 0.82-0.93 (SEM 
0.6-0.9°, MD 1.5-2.4°).  
Fujita 2017 15 healthy male Quantitative (2D Held for 2 seconds duration 2D Trunk sway angle, pelvic tilt angle, pelvis Mild hip flexion positions: compared to no instruction on posture, pelvic drop led 
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[174] participants  video) 
Single test 
N/A 
across a total of 10 different 
postures including no instruction 
on posture, elevation or drop of 
pelvis, sway of trunk towards or 
away. All positions were 
repeated with non-stance leg in 
either mild or severe hip flexion. 
on femur angle, and GMED surface EMG 
(%MVIC) recorded during each position. 
to significantly lower GMED EMG activity, while pelvic elevation led to significantly 
greater GMED activity. Trunk sway towards the test side led to significantly lower 
GMED EMG activity, while no significant differences with trunk sway away. Severe 
hip flexion positions: compared to no instruction on posture, pelvic drop led to 
significantly lower GMED EMG activity while pelvic elevation led to significantly 
greater GMED activity. Swaying the trunk towards the test side led to significantly 
lower GMED EMG activity, while no significant differences in GMED EMG activity 
were found with trunk sway away from the test side. 
Kendall 
2010[175]  
22 participants: 
12 with non-
specific low back 
pain (2 males, 10 
females), and 10 
controls (2 males, 
8 females 
Quantitative (2D 
video) 
Single test 
N/A 
Subjects placed hands on hips, 
non-test hip flexed to 50°, held 
for 5 seconds. 
2D video data collected to enable 
magnitude of pelvic drop in frontal plane 
quantified. 
Isometric hip abduction strength was 
collected. 
Nonsignificant, low to negligible negative correlations were found between left 
hip abduction strength and right pelvic drop for low back pain patients (r=-0.32, 
P=0.36) and controls (r=-0.24, P=0.48), and between right hip abduction strength 
and left pelvic drop for low back pain patients (r=-0.24, P=0.50) and controls (r=-
0.41, P=0.22). 
 
Kouvelioti 
2015 [176] 
15 participants 
with ACL 
reconstruction 
and 10 healthy 
controls 
Quantitative (Force 
platform)  
Repeated test 
(Testing sessions 
repeated twice for 
control group, one 
week apart). 
Test-retest 
Standing on a force platform, 
non-stance leg in 90° hip and 
knee flexion, arms hanging by 
side. Maintained for 30 seconds 
Total centre of pressure (COP) path, average 
COP velocity, standard deviation of COP 
from mean value of COP in antero-posterior 
and mediolateral axes, sway area and sway 
ellipse collected. 
Test retest reliability (ICC) for healthy controls: Total COP 0.75-0.6. Average COP 
velocity 0.75-0.76. Standard deviation of COP from mean COP antero-posterior 
0.68-0.75. Standard deviation of COP from mean COP mediolateral 0.69-0.78. 
Sway area 0.67-0.82, sway ellipse 0.83-0.91. 
Lee 
2014[177] 
45 recreationally 
active females: 15 
categorized as 
‘weak’ and 15 as 
‘strong’ based on 
isometric hip 
abduction 
strength.  
Quantitative (Force 
platform)  
Single test 
N/A 
20 second duration on dominant 
leg, arms across chest, looking 
straight ahead. 
Medial/lateral centre of pressure and peak 
ankle invertor/evertor moments were 
collected during the 10th and 11th second of 
SLSTANCE. 
 
Individuals in the weak group exhibited significantly greater medial-lateral COP 
displacement compared to the strong group. 
Individuals in the weak group exhibited significantly greater peak invertor and 
evertor moments compared to individuals in the strong group. 
Luomajoki 
2007[178] 
40 participants: 
27 with non-
specific low back 
pain (9 males, 18 
females) and 13 
controls (5 males, 
8 females) 
Quantitative (2D 
video) 
Single test 
Inter-rater (4 raters) 
Intra-rater (2 raters, 
repeated after 2 
weeks. 
Participants commenced in 
bilateral stance, feet one third of 
trochanter distance apart, before 
moving to single leg stance. 
Lateral movement of umbilicus from initial 
position to single leg stance measured with 
a ruler. Positive if lateral transfer of 
umbilicus >10cm, or if difference between 
sides >2cm (and movement unable to be 
improved with instruction). 
Inter-rater reliability: right leg ranged from ĸ=0.29 to ĸ=0.56. Left leg ranged from 
ĸ=0.70  to ĸ=0.80.  
Intra-rater reliability: right leg ranged from ĸ=0.64 to ĸ=0.69 Left leg ranged from 
to ĸ=0.67 to ĸ=1.0. 
Penney 
2014[179] 
21 participants 
with Chronic Low 
Back Pain (12 
males, 9 females), 
and 22 healthy 
controls (14 
Observational (live 
performance) 
Single test 
N/A 
Hip flexed between 60° and 90°, 
held for 30 seconds. Examiner 
knelt behind with hands on Iliac 
crests. 
Positive if pelvic lateral tilt and/or anterior 
pelvic rotation observed during the test. 
Maximal voluntary isometric contraction 
was collected for GMED. 
There was no difference in gluteus medius strength between subjects who scored 
positive and those who scored negative on the single leg stance test. 
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males, 8 females) 
Tidstrand 
2009[166] 
19 participants 
(10 males, 9 
females) 13 had 
LBP and 6 had 
arm and/or 
shoulder pain 
Observational (live 
performance) 
Single test 
Inter-rater (2 raters) 
Non-test leg in approximately 60° 
hip flexion, with spine as vertical 
as possible and arms by side, 20 
seconds duration. 
Positive if any of the following noted: spine 
deviation from vertical; pelvic crest deviate 
from horizontal; compensatory movements 
by contralateral arm or leg; 2 or more short 
changes from starting position 
Inter-rater reliability: right leg percentage agreement 100%, ĸ=1.0; left leg 
percentage agreement 95%, ĸ=0.88). 
 
Williams 
2015[57 
30 healthy 
participants (12 
males, 18 
females) 
Quantitative (live 
performance)  
Repeated test (2 
occasions >24hrs 
apart). 
Between-session 
30 seconds duration, looking 
straight ahead. 
Balance sensor over S2 spinous process 
enabled quantification of path length, jerk, 
RMS 
Between-day reliability (Path length): ICC 0.84, SEM 23.8, %MDC 5.5, Median 
(mg) 247.5. Between-day reliability (Jerk): ICC 0.52, SEM 15.6, %MDC 63.3, 
Median (mg2/s) 17.3. Between-day reliability (RMS): ICC 0.67, SEM 1.3, %MDC 
66.1, Median (mg) 4.8. 
Youdas 
2007[180] 
90 healthy 
participants. 45 
males, 45 
females. 
Reliability 
assessed on 20 
subjects. 
Quantitative 
(goniometer) 
Repeated test 
Intra-rater 
 
With an erect trunk, non-test leg 
in approximately 30° hip flexion 
to clear the foot. Non-stance 
ilium elevated as far as able. 
Positive if unable to fully elevate pelvis on 
non-stance side, or unable to maintain 
elevation for 30 seconds. Pelvis-on-femur 
position was recorded after 30 seconds 
using a universal goniometer. 
Intra-rater reliability ICC(3,1) for measurement of pelvis-on-femur using a 
universal goniometer was 0.58 (SEM 2). Data reported for right side only.  
 
Youdas 
2010[181] 
40 subjects, 
including and 20 
with hip 
osteoarthritis (10 
males, 10 
females), and 20 
healthy controls 
(10 males, 10 
females) 
Quantitative 
(goniometer) 
Repeated test 
Intra-rater 
 
With an erect trunk, non-test leg 
in approximately 30° hip flexion 
to clear the foot. Non-stance 
ilium elevated as far as able. 
Positive if unable to fully elevate pelvis on 
non-stance side, or unable to maintain 
elevation for 30 seconds. Pelvis-on-femur 
position was recorded after 30 seconds 
using a universal goniometer. 
Intra-rater reliability for measurement of pelvis-on-femur position Right side ICC 
0.63-0.69, SEM 1, minimal detectable change 3-4. 
SLSQUAT      
Ageberg 
2010[182]  
25 non-injured 
adults. 8 males, 
17 females 
Observational (live 
performance) 
Single test 
Inter-rater (2 raters) 
Approximately 50° knee flexion, 
looking down without bending 
forward from the hip. Non-test 
leg in slight hip flexion, 
approximately 80° knee flexion. 
Visual analysis of medial-lateral knee 
motion. 
Inter-rater reliability ĸ=0.92 (95% CI 0.75-1.08), Percentage agreement 96%. 
Akins 
2013[169]  
24 male 
footballers with 
indication of 
gluteal 
dysfunction  
Quantitative (3D 
motion analysis) 
Single test 
N/A 
From 15cm platform to gently 
touch heel of non-test leg on 
ground, hands on hips, looking 
straight ahead. 
 
3D kinematics of peak knee valgus. 
Isokinetic hip abduction and extension 
strength collected. 
Stepwise multiple regression models for SLSQUAT failed to find significant 
predictors (strength or static postural stability) of knee valgus. 
Alenezi 
2014[183] 
15 healthy 
participants. 7 
males, 8 females 
Quantitative (3D 
motion analysis) 
Repeated test 
(twice on the first 
Squat as far as able (thigh not 
going beyond horizontal). Non-
test leg held in knee flexion.  
3D lower limb kinematics and kinetic 
moments were collected (peak angles, 
moments during tests). 
Within day reliability: kinematics ICC 0.78 (knee internal rotation) to 0.97 (knee 
flexion), SEM 1.22 to 4.16. Kinetics ICC 0.63 (hip adduction) to 0.94 (knee 
flexion), SEM 0.01 to 0.03. Between day reliability: kinematics ICC 0.48 (knee 
valgus) to 0.96 (ankle dorsiflexion), SEM 1.07 to 3.77. Kinetics ICC 0.73 (hip 
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day and again 1 
week later). 
Within and 
between-session. 
adduction) to 0.95 (knee flexion), SEM 0.01 to 0.11. 
Baldon Rde 
2011[184]  
32 recreational 
athletes. 16 male 
and 16 female 
Quantitative (3D 
motion analysis) 
Single test 
N/A 
Approximately 75° knee flexion. 
Non-test foot off floor, arms 
across chest. 
3D Kinematic variables collected at 60° knee 
flexion. 
Eccentric abductor and external rotation 
strength were collected. 
Low to moderate negative correlations between hip abduction strength and 
femur medial rotation, adduction, and moderate positive correlation with knee 
adduction in females. In overall sample, low to moderate correlations between 
hip abduction strength and femur adduction, and knee adduction excursion. Low 
correlations between hip external rotator strength and femur adduction, knee 
adduction excursion and contralateral pelvic elevation excursion. No significant 
relationships between hip external rotation strength and kinematics when 
genders were analyzed separately. Hip abduction and external rotation strength 
not correlated with contralateral pelvis anterior/posterior rotation, in either 
gender. 
Chmielewski 
2007[96] 
25 healthy 
participants. 7 
males, 18 females 
Observational (live 
performance (initial 
assessment, 2D 
video (2nd 
assessment) 
Inter-rater, intra-
rater (3 raters) 
Approximately 60° knee flexion. 
Non-test leg in 90° knee flexion. 
Rated based on movement control of trunk, 
pelvis and hips using an ‘overall’ and 
‘specific’ method. 
 
Overall method: Percentage agreement between raters 41-82%. Reliability for 
rater pairs ĸ=0.00-0.37. Percentage agreement within raters 59-64%. Intra-rater 
reliability ĸ=0.18-0.42. Specific method: Percentage agreement between raters 
32-50%. Reliability for rater pairs ĸ=0.29-0.42. Percentage agreement within 
raters 32-48%. Intra-rater reliability ĸ=0.35-0.53. 
Claiborne 
2006[185]  
30 healthy 
participants. 15 
males and 15 
females 
Quantitative (3D 
motion analysis) 
Single test 
N/A 
Approximately 60° knee flexion. 
Barefoot. 
3D kinematics of knee frontal plane, and 
concentric and eccentric hip abduction, 
extension and external rotation strength 
collected. 
Concentric hip abduction peak torque was a significant predictor of frontal plane 
knee motion. Concentric hip abduction peak torque correlated with frontal plane 
motion of the knee. Eccentric hip abduction, extension and external rotation, and 
concentric hip extension and external rotation, not correlated with frontal plane 
knee measurements. 
Crossley 
2011[97]  
34 healthy 
participants. 15 
included in the 
reliability 
component of the 
study 
Observational (2D 
video) 
Single test 
Inter-rater, Intra-
rater (3 raters) 
From 30cm box as low as 
possible. 
Rated based on 1. Overall impression; 2. 
Posture of the trunk over the pelvis; 3. 
Posture of the pelvis; 4. Hip joint posture 
and movement; 5. Knee joint posture and 
movement. EMG recordings of anterior and 
posterior GMED during a separate stepping 
task. Isometric hip abduction, external 
rotation and trunk side bridge strength, 
were collected. 
Percentage agreement (with consensus panel): 73-87%, ĸ=0.60-0.80. Intra-rater 
agreement: 73-87%, ĸ=0.61-0.80. 
Significantly earlier onset times (EMG recordings) of anterior and posterior in 
‘good’ compared to ‘poor’ performers, during a separate stepping task. 
‘Good’ performers exhibited greater hip abduction torque than ‘poor’ 
performers. No between group differences in hip external rotation torque. 
‘Good’ performers produced significantly more force on the trunk side bridge test 
compared to ‘poor’ performers. 
DiMattia 
2005[173]  
50 healthy 
participants. 26 
males, 24 females 
Observational 
(reliability, live 
performance), 
Quantitative 
(validity, 3D motion 
analysis)  
Single test 
Inter-rater (2 raters) 
To 60° knee flexion on dominant 
limb. Non-test leg in 45° hip 
flexion, 90° knee flexion. Elbows 
extended, shoulders 90° flexion. 
Rated based on: hip flexion < 65, hip 
adduction <10, and knee valgus <10. 3D 
kinematics (peak hip abduction/adduction, 
knee valgus/varus), analyzed in 2D. 
Isometric maximal hip abduction strength 
collected 
Percentage agreement in rating knee valgus angle 66.6% (ĸ =.28, P<0.001). 
Percentage agreement in rating hip adduction angle 71.3% (ĸ=.016, P=.84). 
Normalized hip abduction strength negligibly correlated with dynamic hip 
adduction angle. 
 
Dingenen 43 elite female Quantitative (2D To 75° knee flexion, shoulders Individual video frames selected at maximal Intra-rater reliability of lateral trunk motion angle measurement returned ICC of 
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2014[186] athletes  
 
video) 
Repeated test (2 
occasions, 1 week 
apart) 
Inter-rater, intra-
rater (2 raters) 
above knees, arms across chest. knee flexion, enabling calculation of lateral 
trunk motion. 
 
0.99-1.00, absolute differences 0.3-0.6, SEM (0.3-0.5) and SDD (0.8-1.3). Inter-
rater reliability demonstrated ICC 0.98-0.99, absolute differences 0.5-0.7, SEM 
(0.4-0.6) and SDD (1.0-1.6). 
Edmondston 
2013[119]  
31 healthy female 
participants  
 
Observational (2D 
video), Quantitative 
(2D video) 
Single test 
Inter-rater (2 raters) 
 
To approximately 30° knee 
flexion, non-test leg in 30° hip 
flexion. 
2D photographic image used to calculate 
femoropelvic angle and trunk lean angle. 2D 
image rated to determine direction of trunk 
movement (ipsilateral vs. contralateral). 
Inter-rater reliability (direction of trunk movement): Percentage agreement 87-
93%, ĸ = 0.47-0.63.leg 93%, ĸ = 0.47. 
Reliability (femoropelvic angle): Within-side ICC 0.92-0.96, SEM 0.7-0.9°, MD 2.0-
2.6°, MD 2.0°. Between-side ICC 0.68. Reliability of measurement of trunk lean 
angle (within-side) ICC 0.86-0.95, SEM 0.6-0.8°, MD 1.7-2.3°. 
Frohm 
2012[98]  
26 elite male 
soccer players. 18 
subjects tested 
for reliability 
Observational (live 
performance) 
Single test 
Inter-rater (8 raters) 
Hands on hips, squatting as deep 
as possible, with upper body 
vertical. 
Rated based on 3 criteria: hip, knee and foot 
aligned; pelvis in horizontal line; upper body 
is vertical. 
 
Inter-rater reliability mean ICC 0.53, measurement error of 0.61.  
 
Gwynne 
2014[187] 
18 recreationally 
active 
participants. 9 
males, 9 females  
Quantitative (2D 
video)  
Repeated test (2 
occasions, 1 week 
apart) 
Within and 
between-session. 
To approximately 60° knee 
flexion. Non-test limb in 90° knee 
flexion, arms across chest. 
Knee frontal plane projection angle (FPPA) 
at 60° knee flexion was quantified using 2D 
methods. 
Within-day reliability of 2D FPPA ICC 0.86, SEM 2.10°. 
Between-day reliability of 2D FPPA ICC  0.74, SEM 3.82°. 
Harris-Hayes 
2014[118] 
30 healthy 
participants. 18 
males, 12 females  
Observational (2D 
video), Quantitative 
(2D video) 
Single test 
Inter-rater, Intra-
rater (3 raters) 
To minimum 60° knee flexion. 2D video was viewed and determined 
whether >10° change in knee frontal plane 
projection angle (FPPA) had occurred. 
Intra-rater reliability percentage agreement 87-93%, weighted ĸ 0.8-0.9. Inter-
rater reliability percentage agreement 83-93%, weighted ĸ 0.75-0.9. Percentage 
agreement between visual assessment and quantified FPPA was 90%, weighted 
kappa score of ĸ 0.85. Intra-rater reliability of FPPA measurement demonstrated 
ICC 0.98, SEM 1.79°. 
Herrington 
2014[188] 
42 female 
subjects, including 
30 healthy 
participants and 
12 participants 
with unilateral 
patellofemoral 
pain  
Quantitative (2D 
video) 
Repeated test 
Test-retest 
To a depth of 45° to 60° knee 
flexion, hands on iliac crests. 
2D video footage in the frontal plane used 
for calculation of knee frontal plane 
projection angle. Three trials completed 
Test-retest reliability of frontal plane projection angle measurement during 
SLSQUAT: ICC 0.72, SDD 8.0°. 
Hollman 
2014[189] 
41 healthy 
females: 21 
classified as 
‘good’ on SLSQUAT 
performance, 20 
classified as ‘poor’  
Observational (2D 
video), Quantitative 
(3D motion analysis) 
Single test 
Inter-rater (4 raters) 
From 20cm platform, barefoot, 
with arms across chest. 
Rated as ‘good’, ‘fair’ or ‘poor’ based on: 1. 
Overall impression; 2. Posture of the trunk 
over the pelvis; 3. Posture of the pelvis; 4. 
Hip joint posture and movement; 5. Knee 
joint posture and movement. 
 
Inter-rater percentage agreement 70%, Kappa coefficient (multiple raters) 
ĸ=0.55.  
Knee kinematics, hip extension and abduction strength and gluteus medius and 
gluteus maximus EMG recruitment did not differ between ‘good’ and ‘poor’ 
performers. 
Variance in hip kinematics, hip strength and hip muscle recruitment accounted 
for nearly 90% of the variance in frontal plane knee kinematics. Increased knee 
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valgus demonstrated low correlations with decreased GMAX recruitment. 
Kennedy 
2010[190]  
42 varsity athletes 
including men and 
women from a 
variety of 
different sports. 
Observational (2D 
video) 
Repeated test (2 
occasions 1 day 
apart) 
Inter-rater (4 
raters), Intra-rater 
(1 rater)  
To a depth corresponding to the 
height of the knee joint line in 
standing. Non-test leg in hip 
flexion, arms outstretched in 90° 
shoulder flexion. 
Video footage used for rating performance 
based on determining the most significant 
limiting factor: trunk, hip, knee, lower leg, 
other or none. 
 
Inter-rater reliability (primary limiting factor) ĸ=0.26-0.37, asymptomatic 
standard error (ASE) 0.03-0.04. Intra-rater reliability ĸ=0.31-0.53, ASE 0.07-0.08. 
Inter-rater reliability (dichotomized ‘perfect’ or ‘with any limitation’), ĸ= 0.40-
0.62. 
Mauntel 
2013[191] 
40 healthy 
subjects, 20 in 
Medial knee 
displacement 
(MKD) group (10 
males, 10 
females)  and 20 
controls (10 
males, 10 
females)  
Observational (live 
performance) 
Single test 
N/A 
 
To a depth of 60° knee flexion. Allocated to MKD or control group based on 
visual observation of a researcher. 
Maximal voluntary isometric contraction 
(MVIC) collected for hip extension and 
abduction. 
Surface EMG recorded hip, thigh and calf 
muscles. 
No significant differences in MVIC between groups for the hip extensors or 
abductors. No significant differences were observed between EMG activation of 
the two group. A significant multivariate main effect for group was observed for 
the coactivation ratios. Follow up one-way ANOVAs revealed significant 
differences for the GMED:hip adductor ratio and the GMAX:hip adductor ratio, with 
individuals in the MKD group displayed significantly lower GMED:hip adductor and 
GMAX:hip adductor ratios compared to the control group. 
Munro 
2012[147] 
20 healthy 
participants (10 
males, 10 
females) 
Quantitative (2D 
video)  
Repeated test. 
(Twice on 1 day (1 
hour apart) and 
again 1 week later) 
Within and 
between-session. 
As far as possible, to at least  45° 
knee flexion 
 
2D video footage was recorded in the 
frontal plane to enable calculation of knee 
frontal plane projection angle (FPPA) at the 
point of greatest knee flexion. 
 
Within-day reliability ICC 0.86 for men, ICC 0.59 for women. Between-day 
reliability ICC 0.88 for men, ICC 0.72 for women.  
 
Munkh-
Erdene 
2011[192] 
12 healthy 
women  
Quantitative (2D 
video) 
Single test 
N/A 
 
To a depth of 60 knee flexion, 
on the right leg, with instructions 
to keep their trunk upright, not 
to lose balance, with arms by 
their sides and right foot directed 
straight. 
2D video data collected to enable 
quantification of knee medial displacement 
at 60° knee flexion. 
Isometric maximal hip abduction, external 
rotation strength collected 
Hip external rotation strength moderately correlated with medial knee 
displacement No significant relationship found between hip abductor strength 
and medial knee displacement. 
Nakagawa 
2014[193] 
20 healthy 
participants (10 
males, 10 
females) 
Quantitative (3D 
motion analysis) 
Repeated test (2 on 
the same day and 1 
session 3-5 days 
later). 
Within and 
between-session. 
To at least 60° knee flexion. Non-
test leg in 90° knee flexion, arms 
across chest. 
3D kinematic data was collected in the 
sagittal, frontal and transverse planes for 
the trunk, pelvis, hip and knee (angular 
change and range of motion). 
Intra-session reliability average ICC values 0.94, individual joint angles ranging 
from ICC 0.83-1.00. Average SEM was 1.2 (range 0.5-2.1) and average MDC was 
3.4 (range 1.3-5.8). 
Inter-session reliability returned average(range) ICC value of 0.91( 0.82-0.96), 
SEM 1.6(0.4-2.9), MDC was 4.3(1.2-8.0). 
Nguyen 
2011[194] 
60 healthy 
participants. 30 
males, 30 females 
Quantitative (3D 
motion analysis) 
Single test 
To 60° knee flexion, on the 
dominant leg, while maintaining 
an upright trunk. Non-stance leg 
3D kinematics (hip adduction, internal 
rotation, knee external rotation, valgus 
excursion) and surface EMG (GMAX, GMED) 
GMED activation was not predictive of lower limb joint excursion. Decreased GMAX 
activation predicted greater hip internal-rotation and decreased knee valgus, but 
not knee external rotation or hip adduction. The model did not identify any 
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N/A in 45° knee flexion. 
 
were collected indirect relationships between lower extremity alignment, and GMAX or GMED 
activation in predicting joint excursion. 
Poulsen 
2011[163]  
22 healthy 
participants. 12 
participants used 
for reliability 
testing. 
 
Observational (2D 
video), Quantitative 
(2D video) 
Single test 
Intra-rater (6 
raters). 
To 45° knee flexion on the 
dominant limb, while maintaining 
an upright trunk posture.  
Performance rated with ordinal scale based 
on movement control of trunk, pelvis and 
hips/thigh. Quantified measurement of knee 
frontal plane projection angle (FPPA) taken 
by pausing video at greatest knee flexion 
and using a manual goniometer on screen.  
Intra-rater reliability of ordinal scale assessment (weighted kappa scores): κ=0.38 
to κ=0.94, (generalized quadratically weighted kappa coefficients): κ=0.68. 
Reliability of frontal plane projection angle measures: inter-rater ICC (2,3) 0.99 
(0.97-1.00), 
Intra-rater ICC (3,3) 0.88-0.98. 
 
Stensrud 
2011[162] 
186 female 
handball players. 
18 participants 
underwent testing 
twice for 
measurement of 
reliability. 
Observational (2D 
video), Quantitative 
(2D video) 
Repeated test (2 
occasions on the 
same day) 
Intra-rater, test-
retest.  
To 90 knee flexion, hands on 
hips looking straight ahead. 
Performance rated based on movement of 
the pelvis (lateral tilt), valgus motion of the 
knee and medial/lateral side-to-side 
movements of the knee. 2D video footage 
enabled quantification of knee valgus angle 
at maximal knee flexion. 
Intra-rater reliability (knee valgus angle) ICC of 0.92. Test-retest reliability of knee 
valgus angle ICC 0.57-0.84. 
Test-retest reliability using subjective assessment ranged from ĸ=0.32-0.43. 
 
Stickler 
2015[195] 
40 healthy 
females 
Quantitative (2D 
video) 
Single test 
N/A 
 
To 60° knee flexion, while 
keeping non-test leg off the 
ground. 
. 
2D video was collected in the frontal plane 
to enable quantification of knee frontal 
plane projection angle (FPPA) and pelvic 
drop/rise. Maximal voluntary isometric 
contraction (MVIC) was collected for hip 
abduction, extension and external rotation, 
and trunk side bridge 
Strength measurements demonstrated low correlations with FPPA, (as strength 
increased, FPPA moved towards a neutral position). Hip abduction strength was 
the greatest predictor of the variation in FPPA. For every 1% increase in 
abduction strength (relative to body weight) the FPPA should improve 0.216. Hip 
external rotation strength accounted for 22% of the variation, trunk side bridge 
18% and hip extension strength 16%. Hip extension strength was the only 
strength measurement significantly correlated with Frontal plane pelvic 
drop/rise. 
Weeks 
2012[99]  
22 Healthy 
participants (13 
male, 9 female) 
Observational (2D 
video) 
Single test 
Inter-rater, intra-
rater ( 8 
physiotherapists, 8 
physiotherapy 
students). 
As far as possible, without losing 
balance. Arms across chest, non-
test knee in 90° flexion. 
Performance rated on a 10-point ordinal 
scale (1=’very poor’, 10=’very good’). 
Inter-rater reliability (physiotherapists) ICC = 0.71, students ICC3,1 = 0.60. Intra-
rater reliability (physiotherapists) ICC = 0.81 (range 0.66-0.87); students ICC = 
0.71 (range 0.50-0.87). 
 
Willson 
2006[143] 
46 healthy 
athletes (24 
males, 22 
females) 
Quantitative (2D 
video) 
Single test 
Within-session 
 
To 45° knee flexion. A digital image was recorded in single leg 
stance and at 45° knee flexion to enable 
quantification of knee frontal plane 
projection angle (FPPA). Isometric hip 
abduction and external rotation strength 
were collected. 
Hip external rotation strength demonstrated low correlation with FPPA. This 
indicated that as hip external rotation strength increased, FPPA approached 0. 
Hip abduction strength negligibly correlated with FPPA (not statistically 
significant). 
Within day reliability of FPPA testing returned ICC of 0.88. 
SLDROP      
Akins 
2013[169]  
24 male 
footballers with 
indication of 
gluteal 
dysfunction   
Quantitative (3D 
motion analysis) 
Single test 
N/A 
Drop from 34cm platform to land 
and stabilize on force platform. 
3D kinematics recorded peak knee valgus. 
Isokinetic hip abduction and extension 
strength was collected. 
Stepwise multiple regression models for SLDROP failed to find significant predictors 
(strength or static postural stability) of knee valgus. 
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Alenezi 
2014[183] 
15 healthy 
participants. 7 
males, 8 females 
Quantitative (3D 
motion analysis) 
Repeated test  
Within and 
between-session. 
Drop from 30cm platform to land 
and stabilize. Arms across chest. 
 
3D lower limb kinematics and kinetic 
moments were collected (peak angles, 
moments during tests). 
Within day reliability: kinematics ICC 0.53 (knee internal rotation) to 0.98 (knee 
flexion), SEM 1.00 to 3.35, kinetics ICC 0.82 (hip flexion) to 0.99 (vertical GRF), 
SEM 0.08 to 0.26. Between day reliability: kinematics ICC 0.48 (hip internal 
rotation) to 0.96 (knee flexion), SEM 1.14 to 3.27, kinetics ICC 0.69 (knee valgus) 
to 0.97 (vertical GRF), SEM 0.08 to 0.29. 
Herrington 
2014[188] 
42 female 
subjects, 30 
healthy 
participants and 
12 participants 
with 
patellofemoral 
pain  
Quantitative (2D 
video) 
Repeated test (3 
trials) 
Test-retest 
From a bench of height 30cm to a 
mark 30cm from the bench, 
landing and stabilizing for 3 
seconds. 
2D video footage in the frontal plane used 
for calculation of knee frontal plane 
projection angle. 
Test-retest reliability of frontal plane projection angle measurement 
demonstrated ICC 0.82, SDD 7.8°. 
Munro 
2012[147] 
20 healthy 
participants (10 
males, 10 
females) 
Quantitative (2D 
video) 
Repeated test 
(twice on day 1 (1 
hour apart) and 
again 1 week later) 
Within and 
between-session. 
From a height of 28cm 
 
2D video footage was recorded in the 
frontal plane to enable calculation of knee 
frontal plane projection angle (FPPA) at the 
point of greatest knee flexion. 
 
Within-day reliability ICC 0.79 (men) and 0.75 (women). Between-day reliability 
ICC 0.80 (men), and 0.82 (women). 
Munkh-
Erdene 
2011[192] 
12 healthy 
women 
Quantitative (2D 
video) 
Single test 
N/A 
 
From a height of 40 cm to a 10cm 
high platform. On the right leg, 
with instructions to keep their 
trunk straight, not to lose 
balance, with arms by their sides 
and right foot directed straight.  
2D video data collected to enable 
quantification of knee medial displacement 
at 60° knee flexion. 
Isometric hip abduction, external rotation 
strength collected 
Hip external rotation strength moderately correlated with medial knee 
displacement. 
No significant relationship found between hip abductor strength and medial knee 
displacement. 
Popovich 
2012[196] 
22 healthy 
females; ‘strong’ 
group (n=11) and 
‘weak’ group 
(n=11), based on 
hip abduction and 
extension torque.  
Quantitative (3D 
motion analsyis) 
Single test 
N/A 
On dominant leg from a 22.86cm 
platform onto a force plate, a 
maintaining their balance in 
single-leg stance for 10 seconds.  
 
3D kinematics recorded lumbopelvic angular 
displacement, excursion and velocity in the 
frontal, sagittal and transverse planes. 
Isometric hip abduction and extension 
torque collected. 
Weak group had significantly greater peak right lateral bend displacement, but 
not peak flexion or rotation. Weak group had significantly greater angular 
excursion in the sagittal, frontal and transverse planes. Weak group had 
significantly greater sagittal plane (flexion) velocity and peak frontal plane (right 
lateral bend) velocity but not peak transverse plane (rotation) velocity or mean 
velocity (all planes). 
Schmitz 
2007[197] 
28 healthy 
participants (14 
males, 14 
females) 
Quantitative (3D 
motion analysis) 
Repeated test 
Between-session 
On dominant limb, from a 30cm 
platform, hands on iliac crests, 
landing and stabilizing on a force 
plate positioned 10cm from the 
platform. 
 
Ground reaction forces, 3D kinematics (hip, 
knee, ankle flexion angle and 
displacements) and kinetics (hip, knee and 
ankle absolute energy absorption) were 
collected. 
Between day measurement reliability: flexion angle at ground contact (hip) ICC 
0.56, SEM 2.6°, (knee) ICC 0.95, SEM 0.8°, (ankle) ICC 0.52, SEM 4.0°; total flexion 
displacement during landing phase (hip) ICC 0.90, SEM 1.4°, (knee) ICC 0.99, SEM 
4.2°, (ankle) ICC 0.85, SEM 3.1°; absolute energy absorption (hip) ICC 0.95, SEM 
1.1, (knee) ICC 0.69, SEM 1.1, (ankle) ICC 0.69, SEM 4.1; vertical ground reaction 
force ICC 0.97, SEM 0.05. 
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SLSQUAT: 
Limited evidence of moderate inter-rater reliability was found for rating scales of SLSQUAT 
performance, including judgment of alignment of the lower limb, pelvis and upper body 
(simultaneous observation) [98], or an overall impression of trunk, pelvis, hip and knee posture 
rated from video footage [189]. Substantial intra-rater reliability was found for video-based ordinal 
scale assessment of performance based on movement control of the trunk, pelvis, and hips/thigh 
[163]. Use of an ordinal scale (0=’very poor’, 10=’very good’) returned moderate to excellent inter 
and intra-rater reliability, depending on rater experience (higher in more experienced raters) [99]. 
Substantial inter and intra-rater reliability was found when performance was rated based on an 
overall impression of trunk, pelvis and lower limb posture and movement [97, 99]. Inter and intra-
rater reliability was affected by type of assessment, (slight to fair based on assessment of overall 
body movement pattern, fair to moderate based on assessment of a specific body region) [96]. 
Identification of the primary limiting factor (i.e. trunk, hip, knee, lower leg) demonstrated fair inter-
rater reliability and fair to moderate intra-rater reliability, while dichotomizing performance 
(‘perfect’ or ‘with any limitation’) found moderate to substantial inter-rater reliability [190].  
Observation of frontal plane knee motion from video footage during SLSQUAT demonstrated 
conflicting evidence of reliability. Three high quality studies demonstrated inter-rater reliability 
ranging from fair to almost perfect [118, 173, 182], whereas intra-rater reliability was almost 
perfect [118]. There was limited evidence of inter-rater reliability for evaluation of the direction 
(ipsi- or contralateral) of trunk movement from photographs (moderate to substantial reliability) 
[119], and rating of hip adduction movement (slight reliability when categorized as <10º or >10º) 
[173].  
3.3.4.2 Reliability evaluated from repeated performance of a task 
Reliability of observational methods when task performance was repeated (including contribution 
of natural variation in test performance) was limited to three studies (SLSTANCE [16, 161] and 
SLSQUAT [162]). Conflicting evidence for the within-day inter-rater reliability of visual identification 
of lateral pelvic drop during SLSTANCE was found when assessed on separate occasions, with slight 
reliability in one low quality study [161], but excellent reliability in a high quality study [16]. 
Within-day intra-rater reliability of SLSQUAT performance using a three-point scale based on frontal 
plane movement control of the pelvis and knee revealed fair to moderate reliability [162]. 
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3.3.5 Reliability of Quantitative Measures of Test Performance 
Reliability of quantitative measurements also ranged from poor [172] to excellent [119], however 
the majority of studies found moderate to excellent levels of reliability. The review found seven 
studies evaluating the reliability of quantitative measures of the included tests for a single test 
performance, and 14 studies investigating reliability with repeated task performance (i.e. within, 
between-day). These studies only considered weight-bearing tests. Studies considering quantitative 
methods included 2D (12 studies) and 3D (6 studies) motion analysis, and 6 studies evaluating other 
methods (e.g. force platforms). The majority of studies investigating reliability of single test 
performance demonstrated excellent reliability. Studies of test-retest reliability (either within or 
between-day) using similar outcomes, tended to demonstrate lower reliability [118, 143, 147, 162, 
163, 187, 188].   
 
3.3.5.1 Reliability evaluated from a single test performance 
SLSTANCE: 
Inter-rater reliability of measurement of femoropelvic angle during SLSTANCE was excellent (within-
side) and moderate (between-side), and measurements of trunk lean angle were also excellent when 
measured from a 2D photographic image [119]. Quantification of SLSTANCE performance based on 
measurement of umbilicus movement in the frontal plane (positive if >10 cm shift from baseline 
position or >2 cm difference between sides) from video recordings of test performance returned fair 
to substantial inter-rater reliability, and fair to almost perfect intra-rater reliability, depending on 
side (left side higher) and individual rater [178].  
SLSQUAT: 
Strong evidence of excellent reliability was found for 2D measurement of frontal plane knee motion 
taken from video capture during SLSQUAT [118, 143, 163]. Strong evidence was also found for 
excellent inter-rater reliability of measures of lateral trunk motion from 2D images [119, 186]. 
Intra-rater reliability was also excellent [186]. Limited evidence was found for measurement of 
femoropelvic angle with moderate (between-side) to excellent (within-side) inter-rater reliability 
[119]. 
3.3.5.2 Reliability evaluated from repeated performance of a task 
SLSTANCE: 
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Measurement of pelvis-on-femur angle during SLSTANCE using a standard goniometer demonstrated 
strong evidence for moderate intra-rater reliability [180, 181]. Test-retest reliability of centre of 
pressure path length demonstrated moderate evidence of excellent reliability [171, 176]. Other 
quantitative measures of SLSTANCE performance yielded limited evidence, with individual outcomes 
limited to isolated studies. Between-session reliability of stability index measurements (tilt in 
anterior-posterior and medial-lateral directions and overall) was excellent [170], whereas test-retest 
reliability of other postural stability measures ranged from moderate (standard deviation of centre of 
pressure in antero-posterior and mediolateral directions, sway area) to excellent (sway ellipse, 
centre of pressure velocity). Test-retest reliability of quantified sternum and pelvis kinematic 
variables ranged from poor to moderate (Microsoft Kinect V2 system) and poor to excellent (3D 
motion analysis) [172]. Inferences of quality of balance performance from measures made with an 
accelerometer on the sacrum demonstrated moderate (Median Jerk, Root Mean Square) to excellent 
(path length) [198] between-day reliability. 
SLSQUAT and SLDROP: 
Reliability of 3D lower limb kinematic and kinetic measures (hip, knee and ankle joint angles and 
peak angle moments, energy absorption, vertical ground reaction force) demonstrated strong 
evidence with reliability (within and between-day) ranging from moderate to excellent for both 
SLSQUAT and  SLDROP [183, 193, 197]. There was strong evidence for moderate to excellent 
measurement test-retest reliability of frontal plane projection angle [147, 162, 187, 188] for these 
tests.  
3.3.6 Validity Studies 
Details of validity studies are presented in Table 3-2. Studies include those that examined 
relationships between test outcome and measures of gluteal function and impairment (i.e. 
electromyography characteristics, strength, and/or structural pathology). Validity studies included 
test outcomes related to ratings by observation (2D video (2 studies) and live performance (4 
studies)) and quantitative measures (2D (8 studies) and 3D (8 studies) motion capture, and 2 studies 
using other quantitative methods). To aid the synthesis of the results, 2D and 3D kinematic 
measures have been combined. Specific measures used for each study are provided in Table 3-2. 
3.3.6.1 Correlation between measures of movement control and gluteal muscle Electromyography 
PHEXTEN:  
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One paper compared performance of PHEXTEN and GMAX EMG. Inconclusive evidence found.  
Individuals rated with ‘abnormal’ lumbar spine motion also demonstrated delayed onset of GMAX 
EMG during the test [167].  
SLSTANCE: 
Inconclusive evidence (one low quality study) found that GMED EMG amplitude (%MVIC) was 
affected by alterations in SLSTANCE kinematics (significantly less EMG when participants were 
instructed to drop pelvis, sway trunk towards test side, significantly greater EMG when instructed to 
elevate pelvis) [174]. No significant differences in GMED EMG were observed when participants 
were instructed to sway the trunk toward the non-test side or alter non-test side hip flexion.  
SLSQUAT:  
Conflicting evidence was found regarding the association between gluteal muscle EMG and 
SLSQUAT performance. GMAX EMG amplitude (%MVIC) demonstrated low correlation with knee 
valgus angle in one study [189], but predicted less knee valgus movement in another [194]. Limited 
evidence found that GMAX EMG amplitude predicted hip internal rotation, but not hip adduction or 
knee external rotation [194]. There was limited evidence that GMED EMG amplitude (%MVIC) was 
not associated with frontal plane knee kinematics [194] or observer-rated performance (‘good’ vs. 
‘poor’) during SLSQUAT [189], although maximal hip strength, hip angles and gluteal muscle EMG 
amplitude during a SLSQUAT accounted for nearly 90% of the variance in quantified frontal plane 
knee kinematics [189]. Limited evidence was found that individuals displaying medial knee 
displacement had significantly smaller co-activation ratios of GMAX and GMED relative to the hip 
adductor muscles (i.e. lower GMAX and GMED activity relative to the hip adductor muscles) 
compared to a group without medial knee displacement [191]. There was no significant difference 
between groups when GMAX and GMED EMG amplitudes were considered separately. 
Conflicting evidence was found regarding the relationship between measures of gluteal muscle 
EMG and clinical ratings of SLSQUAT performance. Times of GMED (anterior and posterior) EMG 
onset during a separate stepping task were later in individuals identified as ‘poor’ performers than 
‘good’ performers (performance determined by criteria including overall clinical impression, and 
movement control of the trunk, pelvis, hip and knee) [97].  No significant differences in GMED or 
GMAX EMG amplitude (%MVIC) during a SLSQUAT between groups were found when using the 
same subjective rating criteria [189]. 
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3.3.6.2 Correlation between measures of movement control and gluteal muscle strength 
SLSTANCE: 
There is limited evidence (one high quality study) that hip abduction strength was related with 
centre-of-pressure displacement and ankle invertor/evertor moments [177], whereas moderate to 
high negative correlations with ground reaction forces (anterior/posterior and medial/lateral) were 
demonstrated [169]. Maximal hip extension strength demonstrated moderate negative correlations 
with anterior/posterior ground reaction forces [169]. Evidence was limited for no correlation 
between hip abduction strength and magnitude of pelvic drop during SLSTANCE [175, 179], hip 
adduction angle [173] or anterior iliac rotation [179]. One high quality study found that individuals 
with gluteal tendinopathy exhibited greater hip adduction and less contralateral pelvic rise than 
healthy controls during SLSTANCE. However when hip abductor strength was added as a covariate, 
no significant between group differences in kinematics were found, suggesting kinematic 
differences between groups were in part related to weakness of the hip abductor muscles [168]. 
Evidence was limited (one high quality study) that maximal hip abduction, but not extension, 
strength was moderately correlated with a positive Trendelenburg Test [16] (positive if unable to 
keep pelvis level in coronal plane, or shift of the trunk to maintain pelvis level). 
SLSQUAT:  
The review found variable findings regarding the relationship between gluteal muscle strength and 
SLSQUAT performance. Evidence of correlation between maximal hip abduction strength and frontal 
plane knee kinematics was conflicting. Although most studies showed no relationship [143, 169, 
185, 191, 192, 194, 195], three showed low to moderate correlations between hip abduction strength 
and knee valgus movement [184, 185, 195]. Conflicting evidence was found for correlations 
between hip abduction strength and hip adduction angle (negligible non-significant correlations in 
one study, moderate negative correlations in another) [173, 184]. Limited evidence demonstrated no 
correlation between maximal hip abduction strength and frontal plane pelvic angle [195]. 
Limited evidence found no relationship between maximal hip extension strength and hip adduction 
or internal rotation kinematics [194]. There was strong evidence that maximal hip extension 
strength was not associated with frontal plane knee kinematics during SLSQUAT [169, 185, 191]. In 
contrast, strong evidence was found for a low to moderate correlation between hip external rotation 
strength and medial frontal plane knee movement [143, 184, 185, 192, 195]. Limited evidence was 
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found for a low correlation between eccentric hip external rotator torque and femoral adduction or 
lateral pelvic tilt excursions [184].  
Conflicting evidence was found regarding the relationship between measures of gluteal muscle 
strength and clinical ratings of SLSQUAT test performance. Crossley et al. [97] found that compared 
to ‘poor’ performers, ‘good’ performers had greater hip abduction strength, but not hip external 
rotation torque. However, when using the same performance criteria Hollman et al. [189] found no 
differences in hip abduction or extension strength between ‘good’ and ‘poor’ performers . 
SLDROP: 
Limited evidence was found that isokinetic hip extension and abduction strength was not related to 
frontal plane knee angles [169, 192]. There was inconclusive evidence that maximal hip external 
rotation strength demonstrated moderate negative correlations with medial knee displacement angle 
during the SLDROP [192] test. Limited evidence was found that maximal hip extension and abduction 
strength was related to the magnitude and velocity of trunk bending in some, but not all planes of 
motion, during the SLDROP test [196].  
3.3.6.3 Correlation between measures of movement control and gluteal muscle pathology 
SLSTANCE: 
Limited evidence was found for a relationship between SLSTANCE performance and gluteal muscle 
pathology. In a participant group with symptoms consistent with greater trochanteric pain 
syndrome, Bird et al. [95] found 72.7% sensitivity and 76.9% specificity for prediction of a partial 
or complete GMED tear diagnosed using magnetic resonance imaging.  
 
3.4 Discussion 
This systematic review identified highly variable and inconsistent evidence of reliability and 
validity of five common clinical tests of the lumbo-pelvic-hip complex used to assess gluteal 
muscle function. Meaningful comparisons of results across studies were limited due to 
inconsistencies in the operational definition of tests, differences in outcome measures, and 
inadequate standardization of scoring criteria. Only the AHABDUCT [92] and PHEXTEN [164, 165, 
167] tests had standardized scoring criteria, although fewer studies were found investigating these 
tests. Other tests used assessment scales of movement quality that differed between studies and 
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varied in their inclusion of assessment of either multiple [96, 97] or single body regions [119, 182]. 
This heterogeneity in assessment criteria and outcome measures rendered meta-analysis with pooled 
estimates unfeasible. This is exemplified by assessment of the SLSQUAT: although twelve eligible 
papers evaluated reliability of clinical ratings, this involved thirteen different methods to assess 
performance. 
3.4.1 Reliability of clinical tests of the lumbo-pelvic-hip complex 
The reliability of a test is affected by a number of factors, including measurement error introduced 
between and within raters, and variability in participant performance (both within and between 
sessions). We aimed to separate reliability with (i.e. ratings over multiple performances) and 
without (i.e. use of recorded performance or simultaneous measures) the effect of natural variation 
in test performance. Consistency of test performance will naturally vary due to many factors such as 
the capacity to reproduce a complex task, as well as variation in participant status between 
performances (i.e. fatigue, motivation). For example, reliability of knee frontal plane projection 
angle measurements during SLSQUAT tended to be lower when performance was assessed on 
separate occasions compared to a recorded single performance [118, 143, 147, 162, 163, 187, 188]. 
While capturing natural variation is important, selection of measurements with less measurement 
error is crucial for clinicians to be confident that variation in measurements over time is 
performance driven, not inaccuracy of the measurement method.  
This systematic review indicates that quantitative measurements of test performance generally had 
higher reliability than observational ratings for measures of a single performance. Several studies 
demonstrated strong evidence of excellent reliability for quantitative measurements [118, 119, 143, 
163, 186]. In comparison only limited evidence was found for moderate to substantial reliability of 
observational ratings [98, 117, 119, 162, 164, 165, 189]. The low measurement error for 
quantitative measures indicates that variation between test performances is a major contributor to 
variation in measures between repetitions.  
Studies that used quantitative measures for the SLSQUAT and SLDROP tests appear to demonstrate the 
least variability attributable to variation in test performance. Strong evidence for moderate to 
excellent reliability was found for both 3D lower limb kinematic and kinetic measurements [183, 
193, 197], and measurement of knee frontal plane projection angle [147, 162, 187, 188]. The 
SLSTANCE also showed strong evidence of moderate test-retest reliability for pelvis-on-femur angle 
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using a standard goniometer [180, 181], however this was limited to only two studies. On the basis 
of reliability data, these tests and measures can be recommended for clinical practice. 
3.4.2 Validity of clinical tests of the lumbo-pelvic-hip complex 
Regarding the validity of interpretation of the test outcomes with respect to gluteal muscle function, 
most evidence was limited or inconclusive/conflicting. Only the SLSTANCE test showed a 
relationship between test performance and gluteal muscle pathology [95]. While some evidence of 
relationship between PHEXTEN performance and GMAX EMG onset was found [167], evidence of 
relationship regarding GMAX amplitude and frontal plane knee movement during SLSQUAT was 
inconsistent [189, 194]. Similar conflicting findings were identified between GMED EMG and 
clinical signs of gluteal dysfunction during SLSQUAT [189, 191, 194], potentially explained by the 
poor relationship between muscle force and EMG [199].  
There was an overall lack of evidence for the relationship between maximal hip muscle strength 
(especially abduction and extension) and test performance [143, 169, 173, 175, 179, 184, 185, 191, 
192, 194-196]. Only hip external rotation strength was found to have strong evidence of relationship 
with test outcome (frontal plane knee movement) during the SLSQUAT test [143, 184, 185, 192, 195]. 
This is perhaps not surprising as few functions require maximal muscle force, and isometric muscle 
force at a single joint angle may not relate well to muscle force at different lengths (angles) and 
when shortening or lengthening.  
3.4.3 Clinical Implications 
It should be acknowledged that neither the motion control tests (AHABDUCT, PHEXTEN, SLSTANCE, 
SLSQUAT, SLDROP) nor comparators (i.e. muscle activation and strength measures) described in this 
review exclusively test gluteal muscle function. Multiple factors determine test performance (e.g. 
postural control, mobility [191, 194, 200], other muscles [127, 195], present or anticipated pain). 
Although some tests showed a relationship between gluteal muscle characteristics and test 
performance, clinicians should be aware of the limitations of information obtained from these tests 
particularly with regard to clinical decision-making.  
Observational ratings demonstrated limited evidence of reliability at best. Most tests showed only 
moderate reliability and results were inconsistent; some tests (e.g. SLSTANCE) were found to have 
good to excellent reliability in some studies, but poor reliability in others [16, 161]. Overall, 
findings suggest that quantitative measures are more reliable and therefore preferable. 
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The findings of the review suggest that maximal hip external rotation strength has a stronger 
relationship with lower limb kinematics during weight bearing tests than hip extension or abduction 
strength. This is despite the expectation that lower force production of hip abduction could be 
expected to increased frontal plane knee movements during weight bearing tasks [184, 201]. The 
findings imply that clinicians seeking to address aberrant frontal plane knee movement detected 
during SLSQUAT may consider exercises to strengthen the external hip rotator muscles (particularly 
GMAX and the posterior portions of GMED), but this requires evaluation in a separate study. 
3.4.4 Study Limitations 
There are some limitations of this systematic review. Studies were only included if the authors 
described either an acceptably standardized and published testing criteria, or were very similar to 
the most commonly advocated means to assess test performance. Although 84 potentially valuable 
studies were excluded because they failed to comply with this criterion, we applied these strict 
criteria to minimize heterogeneity. This is important as this review identified heterogeneity as a 
major barrier to synthesis of study results.    
Several studies presented data that was not sex-specific [143, 173, 185, 194] This is problematic as 
females have greater pelvic, hip and knee movements than males during SLSQUAT [3, 138, 202-205], 
and hip muscle torque [185, 206, 207] and EMG amplitude [208] may differ between sexes. One 
study included in the review acknowledged that validation of tests (i.e. relationship between hip 
strength and lower quadrant kinematics) may differ between sexes [184]. Interpretation of strength 
and EMG data is also challenged by potential failure of individuals with pain to perform maximal 
efforts (e.g. fear of pain provocation), and problems with normalization of EMG [209-211].  
 
3.5 Conclusion 
Movement control tests are commonly used to assess the lumbo-pelvic-hip complex in clinical 
practice. Interpretation is hampered by a lack of standardization and robust evidence of reliability, 
both with respect to measurement error and performance variability. Some tests can be 
recommended, but use of quantification is preferable to observation. The limited evidence of 
validity as measures of gluteal function remains problematic. Standardization of tests is a priority. 
Awareness of the potential limitations of these tests as measures of gluteal muscle function and 
impairment is important for clinicians when interpreting test outcomes.  
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3.6 Implications of Study 1 for the thesis 
The findings of this systematic review have demonstrated that quantifiable measures of lumbo-
pelvic-hip motion are preferable if they can be accessed in the clinical environment. While Chapter 
2 has indicated that 2D methods are increasingly being used in practice, this systematic review has 
highlighted that this technology is enhanced when used to quantify measures of performance rather 
than facilitate observational ratings of performance. Interestingly despite access to quantitative 
methods, 12 studies used 2D motion capture to evaluate test performance based on observational 
ratings. Furthermore Chapter 2 highlighted the limitations of 2D methods in evaluating rotation of 
the pelvis in the in the transverse plane (vertical axis). In the following chapters 4-7 these 
methodological issues associated with 2D motion capture identified in the literature will be 
addressed. The following Chapter 4 specifically addresses the methodological issue of measuring 
motion of the pelvis in the transverse plane.    
 
 
 
 
 
 
 
 
Chapter 4 is adapted from the following publication 
Window PJ, McGrath M, Hodges PW, Russell T, Grote R, Tucker K O’Leary SP. 
“The accuracy and precision of 2-dimensional photographic media in measuring vertical axis 
rotation of the pelvis.” 
In Preparation 
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Chapter 4. The accuracy and precision of 2-dimensional 
photographic media in measuring vertical axis rotation of the 
pelvis 
 
The systematic review in Chapter 3 demonstrated that quantitative methods of assessing movement 
control of the lumbo-pelvic-hip complex were more reliable than subjective ratings of performance. 
However Chapter 2 highlighted a number of issues regarding the clinical accessibility of traditional 
3D motion capture methods, and limitations regarding the utility of more accessible 2D motion 
capture. One of these limitations relates to the quantification of body segment rotation. This 
Chapter explores the accuracy of a novel method to quantify rotation of the pelvis using 2D motion 
capture without the use of an overhead camera. 
 
--- This chapter is currently in preparation for submission to a peer-reviewed journal --- 
 
4.1 Introduction 
Tests evaluating movement control of the lumbo-pelvic-hip complex are commonly described to 
assess motor function of the trunk and lower extremity [49, 196, 212, 213]. Quantification of test 
performance using kinematic analysis may be either 3-dimensional (3D) or 2-dimensional (2D). 
although 3D methods have the advantage of more accurately depicting motion in three planes, 
clinical settings have increasingly been utilising more readily available and low cost 2D 
videographic motion capture methods [114, 115]. In particular, with the increasing popularity of 
smart phone and tablet technology there has been a corresponding increase in the number of health 
and fitness related applications available on the market (estimated 40 000 available in 2013) [28]. 
As such 2-dimensional motion capture systems are increasingly being utilised in clinical settings for 
assessing movement control of the lumbo-pelvic-hip complex to assist visual assessment [97, 117, 
118] and quantify motion [118, 119].  
Two-dimensional photographic capture using cameras in front/behind or to the side of the 
individual are commonly used to measure pelvic angular displacement in the frontal and sagittal 
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planes, respectively (e.g. anterior/posterior pelvic tilt, pelvic obliquity) [174, 214, 215]. However, 
quantifying pelvic transverse rotation with an overhead camera may be challenging as the trunk 
obscures visualisation of the pelvis. Most studies evaluating kinematics of the pelvis using 2-
dimensional methods either do not attempt to estimate pelvic rotation, attempt to restrict pelvic 
rotation [163, 194], or attach additional visual cues such as a plastic strip across the buttocks to 
improve capture of pelvic motion [124]. These options are potentially problematic, as failure to 
measure pelvic rotation may omit vital information, constraining motion during task performance 
may invalidate performance findings and the attachment of visualisation aids may amplify error 
associated with skin movement.  
Motion capture of pelvic rotation appears to provide valuable information regarding motor function 
of the lumbo-pelvic-hip region. Using 3D measures individuals with chronic low back pain have 
been observed to exhibit altered pelvic transverse rotation during walking [8, 79, 81], running [9], 
and movement control tests of the lumbo-pelvic-hip region. [126, 216]. Furthermore these changes 
in pelvic transverse rotation in individuals with low back pain may be indicative of deficiencies in 
the strength of some hip muscles [33, 196]. Therefore it appears advantageous to have the capacity 
to accurately capture pelvic transverse rotation when evaluating lumbo-pelvic motion with 2D 
methods.  
The overall aim of this study was to test the validity of two, 2D methods to measure pelvic 
transverse rotation without the use of an overhead camera. There were four aims. First, we 
evaluated the accuracy of the 2-dimensional methods (using two digital SLR cameras in the sagittal 
and frontal planes) to record known increments of pelvic rotation using a mechanical jig (Aim 1). 
Second, we aimed to calculate errors in estimation of pelvic rotation induced by concomitant pelvic 
motion in other planes/axes, when using the one or two camera 2D methods, and to determine 
correction factors to account for this (Aim 2). Third, we aimed to compare the agreement of the 2-
dimensional measures to those made concurrently with a 3-dimensional system (Aim 3). Fourth, we 
aimed to provide recommendations regarding measurement error using 2-dimensional photographic 
media that includes recommendations to reduce measurement error (Aim 4). 
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4.2 Methods 
4.2.1 Instrumentation 
4.2.1.1 Pelvic Model Jig 
A mechanical jig was constructed consisting of three camera sliders (Glanz DSLR Slider Pro 1M) 
mounted on camera tripods (Manfrotto 055XPROB) (Figure 4-1). A three-way, geared tripod head 
(Manfrotto XPRO geared head) was mounted to the uppermost camera slider with a model pelvis 
mounted centrally on the tripod head using a metal bracket. Self-adhesive metal strip measuring 
tape was also attached to the camera slide rail bases. This jig permitted precise increments of pelvic 
translation along two planes (Anterior-posterior (Tx) and Medio-lateral (Tz)) and rotation in 3 axes 
(Medio-lateral (Rx), Vertical (Ry) and Anterior-posterior (Rz)). The pelvic anatomical coordinate 
system was taken from the recommendations of the International Society of Biomechanics [217]. 
The z-axis corresponds to a line running through both right and left anterior superior iliac spines 
(RASIS and LASIS) and pointing to the right, the x-axis lies in a plane determined by the two 
ASISs and the midpoint of the left and right posterior superior iliac spines (PSIS) pointing 
anteriorly and orthogonal to the z-axis, and the y-axis perpendicular to both the x-axis and z-axis, 
pointing cranially [218]. Using the camera sliders, the pelvis could be moved through 
approximately 900mm of translation along both planes. The tripod head enabled rotation of 360° 
around the y-axis, 110° total pelvic obliquity around the x-axis (20° right, 90° left), and 110° pelvic 
tilt about the z-axis (20° posterior, 90° anterior).  
The jig was levelled in the horizontal plane so that the RASIS and LASIS were both at a height of 
1020mm from the floor. The pelvis was positioned in the centre of the jig, and was oriented as 
closely as possible in a position of neutral rotation around all three axes, using a spirit level and 
laser distance measurer (Bosch GLM 50 pro laser rangefinder). This served as the reference 
position for data collection. Reflective, 14mm spherical markers were placed on the pelvis to enable 
calculation of pelvis rotation, tilt and obliquity. Markers corresponded to the Vicon Plug-in Gait 
(Vicon, UK) marker locations, and were placed bilaterally over the ASIS and PSIS. Additionally, a 
25mm spherical marker mounted on a 10mm base was positioned over the spinous process of S1 for 
visual identification in the sagittal plane. 
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Figure 4-1. Experimental jig setup 
 
4.2.1.2 Two-Dimensional Motion Capture System 
Two digital SLR cameras (Canon 600D, 18-55mm lens, Tokyo, Japan) set at 18mm focal length 
were positioned at a distance of 3 m from the midline of the pelvis anteriorly (frontal camera) and 
laterally (sagittal camera, right side of pelvis). Both cameras were positioned at the height of the 
ASIS (1020mm). To permit calibration of the 2D images, 300mm long metal rods were positioned 
vertically at the extremities of the jig: 2 in the frontal plane (in-line with the ASIS with a separation 
of 1171mm) and 2 in the sagittal plane (in-line with the S1 spinous process with a separation of 
1136mm) (Figure 4-1). Images taken using the camera systems were analysed using software from 
the eHAB Telerehabilitation platform (NeoRehab, Brisbane). 
4.2.1.3 Three-Dimensional Motion Capture System 
3D time-position data were collected at 100Hz using a ten-camera 3D motion analysis system 
(Vicon Motion Systems, Nexus Software v1.8, Oxford, UK). The 3D time-position data were 
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filtered (Butterworth, Cut off frequency 6Hz, fourth order) and processed into angular data using 
the “Plug in Gait” Biomechanical model to estimate pelvic transverse rotation.  
4.2.2 Experimental Pelvic Motion Sequence 
The following sequence of model pelvis positions was performed while 2D and 3D motion capture 
was recorded to serve the purposes of the study aims. 
1. 2-Dimensional measurement of pelvis rotation (Aim 1): The pelvis was moved 
incrementally from the initial reference position through pelvic transverse rotation (Ry) 
in isolation. A total of 51 measurements (-50° to 50° rotation at 2° increments) were 
recorded. 
2. Estimation and correction for errors in estimation of transverse plane rotation induced 
by concurrent pelvic motion in other axes/planes (Aim 2): First, Ry was held at 0° while 
the pelvis was moved through increments of pelvic sagittal rotation (Rz) and pelvic 
frontal rotation (Rx), anterior-posterior translation (Tx), and medio-lateral translation 
(Tz). Second, Ry was held at 5° and the pelvis was moved through increments of Rz and 
Rx, and translation (Tx, Tz), first individually, and then in combination. Third, to further 
asses the effect of Tx on the estimation of Ry the pelvis was stepped through 8 
increments of Tx as Ry was held at both 10° and 25°. Increments are specified in Table 4-
3. 
4.2.3 Two-Dimensional Measurement Methods  
Two methods were assessed to measure pelvic rotation in the transverse plane. In the first method 
(Frontal Method, Figure 4-2a) pelvic rotation was estimated via the change in projected linear 
distance between ASIS markers in the frontal plane (pDASIS) at each increment of pelvic rotation 
position using the front view. In this method the change in pDASIS associated with pelvic rotation 
could be converted to angular displacement (ɵ) via the equation ɵ = cos(pDASIS/pDiASIS), where 
pDiASIS is the initial projected inter-ASIS distance from a reference position (i.e. neutral rotation in 
all planes).  
A second method was assessed as it was predicted that the first method might be susceptible to 
inaccuracy during small pelvic rotation movements from the reference position due to relatively 
small changes in the projected linear distance between markers. For this method (Sagittal method, 
figure 2b) pelvic rotation was estimated via the change in projected linear distance between S1 and 
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ASIS markers in the sagittal plane (pDS1ASIS) from the side view. The S1 and ASIS landmarks were 
depicted as a triangle, with measurements taken in the reference position determining the 
anatomical angle of the line drawn from S1 to the ASIS relative to the sagittal plane α = 
tan , where pDiS1ASIS is the projected linear distance between the S1 and ASIS markers 
in the initial reference position. The estimated actual distance of the S1 marker to the ASIS marker 
(aDS1ASIS) could be calculated as aDS1ASIS = . During right pelvis 
rotation, measurement of pDS1ASIS would decrease (and converse for left rotation), and the estimated 
angle of the S1 to ASIS relative to the sagittal plane was expressed as β= cos . The 
change in rotation (θ) was determined as ɵ = β-α. In the reference position (no pelvis rotation), the 
anatomical angle of the S1:ASIS relative to the sagittal plane (α) is already >25°, and as such it was 
considered that measureable changes in the projected linear distances would occur even with 
rotations with smaller amplitude than that expected for the alternate method (i.e. <-25°). This 
method would be expected to be less susceptible to measurement error when estimating small 
angular displacement from the reference position. The method for estimating translations and 
rotations in all axes is summarised in Table 4-1. 
4.2.4 Statistical Analysis 
4.2.4.1 Accuracy of 2D methods to measure known increments of pelvic rotation (Aim 1) 
The accuracy of both 2D methods recording known increments of pelvic rotation was assessed 
using Bland-Altman plots to compare both 2D methods with the jig measurement as the “gold 
standard”. The between-repetition reliability and associated Standard Error of Measurement (SEM) 
of the 2D motion analysis system to measure pDASIS and pDS1ASIS was established from 3 
measurements made during each incremental increase of pelvis rotation (-50° to 50°, 51 positions in 
total). Reliability was established from intra-class correlation coefficients in SPSS v24.0 using a 
two-way mixed model. The pooled standard deviation (SD) was calculated using the equation 
SDPOOLED = [219]. SEM was calculated as SEM 
= , with 95% confidence intervals.  
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Figure 4-2a: Estimation of pelvic transverse rotation from frontal plane. Superior view of pelvis shown in i) neutral 
reference position and ii) 15° rotation 
ɵ = cos  
   = cos  
   = 15° 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-2b: Estimation of pelvic transverse rotation from sagittal plane. Superior view of pelvis shown in i) neutral 
reference position and ii) 15° rotation 
 
i) 
α = tan  
    = tan  
    = 28.3° 
aDS1ASIS =  
              = 202.4mm 
 
ii) 
β = cos  
    = cos  
    = 59.6° 
Θ = β – α 
    = 59.6° - 28.3° 
    = 15° 
 
Figure 4-2. Equations for determination of pelvis rotation using i) frontal method (Figure 4-2a) and 
ii) sagittal method (Figure 4-2b) 
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4.2.4.2 Calculation of error associated with concomitant pelvic motion in other axes (Aim 2) 
It was anticipated that both methods for estimating pelvic rotation would be susceptible to 
measurement error when additional movements occurred in other planes and axes. For example, 
posterior translation would lead to a convergence in the measured pDASIS in the frontal plane, 
resulting in an erroneously larger calculated rotation angle. Similarly, medial-lateral translation 
would result in similar errors when measuring pDS1ASIS in the sagittal plane. Subsequently, the effect 
of translation (Tx, Tz) and rotation (Rx, Rz) on the measurement of pDASIS and pDS1ASIS (in the 
absence of Ry) was assessed. Movements that demonstrated strong linear relationships with i) pDASIS 
or ii) pDS1ASIS were entered into linear regression models in order to find significant predictors of 
these distances. The coefficients generated from these regression models were then used as a basis 
for correcting pDASIS and pDS1ASIS in order to maximise the accuracy of the two methods. The 
corrected distances were then used for all images to calculate change in Ry from the baseline 
reference position. In instances where the corrected pDASIS remained larger than the pD
i
ASIS, angular 
rotation was expressed as a negative value from the related quadrant.  
Table 4-1. Measurement variables and process of determining them. 
Translation/Rotation Description of measurement 
Anterior/Posterior 
Translation (Tx) 
Average of the linear distances from the posterior vertical calibration marker in the 
sagittal plane to the S1 marker and R ASIS marker. Positive distance indicated 
anterior translation. Translation was expressed as a change in distance (mm) from 
the reference position 
Medial/Lateral Translation 
(Tz) 
Average of the linear distances from the lateral vertical calibration marker in the 
frontal plane to the L ASIS and R ASIS markers. Positive distance indicated 
translation to the right (towards the camera). Translation was expressed as a change 
in distance (mm) from the reference position 
Pelvic sagittal rotation (Rz) 
Angle formed between the PSIS and ASIS markers in the sagittal plane and the 
horizontal, with a positive angle indicating anterior pelvic sagittal rotation. Pelvic 
sagittal rotation was expressed as a change in angle (°) from the reference position 
Pelvic frontal rotation (Rx) 
Angle formed between the ASIS markers in the frontal plane and the horizontal, 
with a positive angle indicating elevation of the pelvis on the left side. Pelvic frontal 
rotation was expressed as a change in angle (°) from the reference position  
Pelvic transverse rotation 
(Ry) 
i) Estimated from the projected linear distance between ASIS markers in the 
frontal plane (see Figure 4-2a), with a positive angle indicating right rotation. 
Rotation was expressed as a change in angle (°) from the reference position  
ii) Estimated from the projected linear distance between the S1 marker and the 
ASIS marker in the sagittal plane (see Figure 4-2b), with a positive angle 
indicating right rotation. Rotation was expressed as a change in angle (°) from 
the reference position  
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4.2.4.3 Comparison of the 2-dimensional measures to those taken concurrently with a 3-
dimensional system (Aim 3)  
The accuracy and associated measurement error of estimation of Ry (individually and in 
combination with other rotations and translations) using both corrected and uncorrected 2D 
measurements were compared against measurements recorded with the 3D methods and the jig. 
Error observed between the methods was assessed using mean error with 95% limits of agreement, 
which provide a measure of the clinically important difference between two measurements. Limits 
of agreement within -3.6° to 3.6° were considered clinically acceptable based on group differences 
in pelvic rotation during a lateral step down task [220] (i.e. if limits of agreement were within 3.6° 
than the measurement is likely to observe a clinically important differences in pelvis rotation). 
Limits of agreement were calculated as ±1.96×SD. The standard deviation for 2D methods was 
established from three measurements of the projected distances (pDASIS or pDS1ASIS) for each pelvis 
position. The standard deviation for 3D measurements was calculated from the first three samples 
recorded during the motion capture sequence for each position.  
 
4.3 Results 
With the model pelvis placed in the reference position, the 2D motion analysis software measured 
pDiASIS at 192.1mm, and pD
i
S1ASIS at 178.2mm. Subsequent calculations estimated the S1:ASIS angle 
relative to the sagittal plane (α) to be 28.3°, and the estimated aDS1ASIS to be 202.4mm (Figure 4-2). 
4.3.1 Accuracy of two-dimensional methods in measuring known increments of pelvic rotation 
(Aim 1) 
The relationship between rotation of the pelvis and measurements of pDASIS and pDS1ASIS is 
demonstrated in Figure 4-3. As pelvis rotation was progressed from -50º to 50º, pDASIS followed a 
sinusoidal curve with its apex at 0°. Measured values of pDS1ASIS also followed a sinusoidal curve, 
however its apex corresponded to –α (i.e. -28.3°). Right pelvis rotation measurements from pDS1ASIS 
were limited to 26°, after which the S1 marker could no longer be visualised in the sagittal plane.  
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 Figure 4-3. Change in projected linear distance of S1:ASIS distance (sagittal method) and inter-
ASIS distance (frontal method) with pelvis rotation 
As shown in Figure 4-4, both pDASIS and pDS1ASIS as a basis for estimating change in pelvis rotation 
from baseline revealed a close correlation with both jig rotation measurements and 3D rotation 
measurements. When compared specifically to the jig measurements as a reference standard (Figure 
4-5), the 2D measurements of pelvis rotation estimated from pDASIS demonstrated a mean difference 
of -1.7º across all 51 measurements (Figure 4-5a). As anticipated, differences tended to be greater 
during smaller rotations (95% limits of agreement ±4.6º at 0º) but became more robust as rotation 
increased (e.g. 95% limits of agreement ±2.2º at 10º rotation and ±0.9º at 20º rotation). Comparison 
of pDS1ASIS to the jig measurements (Figure 4-5b) over 39 measurements (-50° to 26° rotation) 
showed a mean difference of -0.4°. Differences tended to be greater from -18° to -40° (e.g. 95% 
limits of agreement ±5.4° at -40° rotation) while 95% limits of agreement improved for other 
rotation values  (e.g. 95% limits of agreement ±0.1° at 0° rotation, 0.3° at 20° rotation).  
Measurement of 3 trials of pDASIS across all 51 positions demonstrated almost perfect reliability, 
with an ICC > 0.999 (95%CI: 0.999:1.000) with pooled SD of 0.4mm, and a SEM of 0mm (95% 
CI: 0 to 0.01mm).  Similarly, measurement of 3 trials of pDS1ASIS across 39 positions (-50°to 26° 
rotation) demonstrated almost perfect reliability, with an ICC of 0.999 (95% CI: 0.999-1.000) with 
pooled SD of 0.6mm, and a SEM of 0.02mm (95% CI: 0.02 to 0.00 mm).  
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Figure 4-4. Comparison of 2D methods and 3D method with jig measured pelvis rotation 
4.3.2 Calculation of error associated with concomitant pelvic motion in other axes (Aim 2) 
The impact of rotations and translations in other planes on pDASIS and pDS1ASIS, with other 
movements held constant is demonstrated in Figure 4-6. For pDASIS, strong linear relationships were 
found between change in Tx and measured pDASIS represented by the equation pDASIS =0.0684x, 
where x is change in anterior-posterior translation, and change in Rz represented by the equation 
pDASIS =0.1916x, where x is change in pelvic tilt). There was an almost perfect linear relationship 
between pDASIS and pelvic rotation (expressed in linear terms as a projected linear distance that 
would reflect perfect agreement with rotation measured by the jig) expressed by the equation pDASIS 
= 1.012x, where x is the jig calculated projected linear distance. No strong linear trends were found 
between pDASIS and Tz or pelvis obliquity (Rx) and pDASIS.  
For pDS1ASIS, strong linear relationships were found between change in Tx (pDS1ASIS =0.028x, where 
x is change in anterior-posterior translation), Tz (pDS1ASIS =-0.0403x, where x is change in medial-
lateral translation), Rz (pDS1ASIS =0.2067x, where x is change in pelvic tilt), and Rx (pDS1ASIS =-
0.0997x, where x is change in pelvic obliquity).  
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Figure 4-5a. Bland-Altman plot of accuracy of frontal method compared to jig measured pelvis 
rotation. 
 
Figure 4-5b. Bland-Altman plot of accuracy of sagittal method compared to jig measured pelvis 
rotation. 
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Figure 4-6. Linear relationships between movement in other planes and axes and projected inter-
ASIS and S1:ASIS distances, with other movements held constant. Pelvis transverse rotation is 
expressed in linear terms as a projected distance that would reflect perfect agreement with 
rotation measured by the jig. 
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There was also an almost perfect linear relationship between pDS1ASIS and pelvis rotation, expressed 
in linear terms as a projected linear distance that would reflect perfect agreement with rotation 
measured by the jig (pDS1ASIS =0.9643x, where x is the jig calculated projected linear distance). 
Factors which demonstrated strong linear relationships with pDASIS and pDS1ASIS were each entered 
into a stepwise linear regression model with pDASIS and pDS1ASIS as the dependent variables, in order 
to produce a model that best predicted pDASIS and pDS1ASIS. 
Table 4-2. Regression models for sagittal method (pDS1ASIS, model 1) and frontal method (pDASIS, 
model 2). 
Model R R Square 
Adjusted R 
Square 
Std. Error of 
the Estimate 
1 .994a .989 .988 1.91201 
Model 
Unstandardised Coefficients 
Standardised 
Coefficients 
t Sig. B Std. Error Beta 
1 (Constant) 13.649 1.464  9.323 .000 
 Change Anterior-
Posterior Translation (Tz) 
.035 .002 .225 22.892 .000 
 Change Anterior-
Posterior Pelvic Tilt (Rx) 
.064 0.23 0.28 2.837 .005 
 Change Medial-Lateral 
Translation (Tx) 
.052 .002 .199 20.784 .000 
 Change Pelvic Obliquity 
(Rz) 
.220 .042 .077 5.183 .000 
 Jig Pelvis Rotation .918 .014 .938 63.447 .000 
a. Dependent Variable: pDS1ASIS     
     
Model R R Square 
Adjusted R 
Square 
Std. Error of 
the Estimate 
     
2  .995b .990 .990 1.55887 
Model 
Unstandardised Coefficients 
Standardised 
Coefficients 
t Sig. B Std. Error Beta 
2 (Constant) -39.308 1.887  -20.834 .000 
 Change Anterior-
Posterior Translation (Tz) 
.068 .001 .464 56.172 .000 
 Change Anterior-
Posterior Pelvic Tilt (Rx) 
-.107 .018 -0.050 -6.039 .000 
 Jig Pelvis Rotation 1.218 .011 .906 113.505 .000 
b. Dependent Variable: pDASIS     
 
The two linear regression models are presented in Table 4-2. For pDS1ASIS, factors that remained in 
the model (model 1) were Tx, Tz, Rx, Rz and jig pelvis rotation, with an R Square of 0.99. This 
indicated that 98.9% of the variance in pDS1ASIS could be explained by these factors. Using the 
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coefficients calculated from the regression model, corrected pDS1ASIS for pelvic motion in axes other 
than Ry could be estimated as: 
pDS1ASIS (corrected) = pDS1ASIS (measured)-(0.064xΔRz+0.035xΔTx + 0.052xΔTz + 0.254xΔRx).   
This correction factor was also used to estimate the accuracy of the use of a single camera in the 
sagittal plane when available variables were accounted for (i.e. Tx, Rz). 
For pDASIS, factors retained in the model (model 2) were Tx, Rz and jig pelvis rotation, with an R 
Square of 0.990. This indicated that 99.0% of the variance of pDASIS could be explained by the 
regression model. Using the coefficients calculated from the regression model, an estimate of 
corrected pDASIS could be determined as: 
pDASIS (corrected) = pDASIS (measured)-(-0.107xΔRx+0.068xΔTx). 
4.3.3 Comparison of the 2-dimensional measures to those made concurrently with a 3-
dimensional system (Aim 3) 
Corrected and uncorrected pDASIS and pDS1ASIS pelvic rotation measurements, and 3D (Vicon) pelvic 
rotation measurements, were all compared to pelvic rotation measurements recorded from the jig, 
and mean error with 95% limits of agreement were derived. All measurements are presented in 
Table 4-3. With the exception of two measurements (1.2%), all 3D measurements made were within 
the previously determined 95% limits of agreement (see methods). Corrected pDS1ASIS measurements 
demonstrated 86.7% of measurements within the previously determined 95% limits of agreement. 
Corrected pDASIS measurements demonstrated 31.1% of measurements within the 95% limits of 
agreement. Corrected pDS1ASIS with the use of a single camera demonstrated 81.3% of 
measurements within the previously determined 95% limits of agreement. 
4.4 Discussion: 
The findings of this study show that a 2D method using one camera (either in the frontal or sagittal 
plane) may provide a feasible clinical method to evaluate pelvic rotation appropriate for use in some 
applications. Although measures were generally acceptable, greater accuracy was achieved when 
correction factors were applied, particularly when using two cameras and application of the sagittal 
method. This study highlighted that when both the frontal and sagittal methods were applied with a 
single camera, the accuracy was limited to specified ranges of pelvic rotation (Aim 1), and were 
prone to error induced by concomitant pelvic motion in other planes (Aim 2). When corrected using 
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additional measures from each of the cameras, the sagittal method, but not the frontal method, 
provided pelvic rotation measurement error similar to that of a 3D method (Aim 3). The findings 
support several recommendations regarding the use of 2D methods to evaluate pelvic rotation (Aim 
4).     
4.4.1 Measuring pelvic rotation with a single camera 
Both 2D methods assessed were accurate for measurement of pelvic rotation within specific ranges, 
but had increasing error outside these ranges. In the absence of concomitant measurement of motion 
in other planes, the sagittal method (S1:ASIS distance) was accurate for pelvic angular 
displacements between -16° to 26° (95% limits of agreement -2.9° to 1.5°). Rotation from -18° to -
50° was less accurate/more variable (95% limits of agreement -11.5° to 9°). Estimation of rotation 
based on measurement of the inter-ASIS distance in the frontal plane generally demonstrated 
greater accuracy for rotation angular displacement from -18° to -50° (95% limits of agreement -4.3° 
to -1.5°), however measures made at the majority of increments of motion (70.6%) were beyond the 
accepted error range. If clinicians are limited to the use of a single camera, the sagittal plane method 
is optimal for the types of movement represented in this study. In this plane associated motion of Tx 
and Rz can be corrected by use of the derived equation. This would necessitate an initial photograph 
in the frontal position in order to measure the inter-ASIS distance. The sagittal method using a 
single camera may provide accurate estimation of change in pelvis rotation, however would be 
prone to greater error if certain combinations of medio-lateral translation and pelvis obliquity 
occurred (i.e. positive obliquity and positive medio-lateral translation), particularly for larger 
negative rotations (e.g. <-18°). 
4.4.2 Measuring pelvic rotation with two orthogonally placed cameras 
Measures of pelvic rotation around the vertical axis were more accurate if two cameras were used 
and correction factors were applied. In particular the sagittal plane method demonstrated high levels 
of accuracy, particularly for measurements between -16° to 26° (96.99% of measurements in this 
range within limits of agreement). As many functional tasks and movement control tests such as 
gait (~10° at 10km/hr) [221], single leg squats (3.1°-4.0°[222, 223] and the Trendelenburg test 
(3.7°-3.8°) [223] lead to only small changes in pelvic rotation from the reference/anatomical 
position, the sagittal method appears to be the optimal choice. A distinct advantage of measuring 
pDS1ASIS as a basis for calculating rotation is that in the reference position the angle formed by the S1 
and ASIS to the sagittal plane is already greater than 25° (in the present study - 28.8°). This 
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provides a natural set angle whereby rotation in the region of -16° to 26° (see Figure 4-3) can be 
accurately measured without the potential inaccuracy associated with regions where rotational 
change leads to only small changes in projected linear distances.  
Another advantage of the sagittal measurement method is that the direction of rotation is easily 
obtained (as a positive or negative number). In contrast the frontal method, which does not provide 
the direction of rotation as movement in either direction will produce the same calculated rotation. 
This would necessitate visual assessment to clarify the direction of movement. This is unlikely to be 
an issue for large amplitude angular displacements for which this method demonstrated greater 
accuracy and potential clinical utility. For example, quantification of maximal pelvis rotation range 
in standing would preclude the application of the sagittal method as the S1 marker would become 
obscured. When large amplitude rotation is expected, the frontal method may provide a better 
estimate of rotation, particularly if anterior-posterior translation can be deemed negligible.  
A previous paper has demonstrated average error of 1.3° in measurements of transverse pelvis 
rotation using multiple 2D cameras [124]. That study used a method based on the measurement of 
the projected distance of a plastic strip of known length placed over the buttocks. Further, three 
cameras were used and movements in other planes and axes were smaller (maximum 30 mm 
translation, maximum 30° rotation) than those imposed here. Although potentially suitable for static 
postural assessments, the use of the plastic strip may be compromised in dynamic unilateral tasks, 
thereby limiting its practical clinical application.  
A key factor to improve accuracy using the method proposed in the present study is the correction 
for motion in other planes/axes. This study demonstrated that both projected linear distances used 
for the frontal and sagittal 2D methods were affected by pelvic motion in other planes and axes. In 
the frontal plane, the linear regression model for pDASIS included both anterior-posterior translation 
(Tx) and sagittal pelvic tilt (Rz). During anterior pelvic tilt, the ASIS markers posteriorly translates 
relative to the frontal camera (in turn decreasing pDASIS) while the S1 marker translates anteriorly. 
Correcting pDASIS for the measured anterior translation alone would therefore reduce pDASIS even 
further, leading to an erroneously larger calculated rotation.  
 In the sagittal plane, the linear regression model for pDS1ASIS included anterior-posterior translation 
(Tx), medial-lateral translation (Tz), sagittal pelvic tilt (Rz) and frontal pelvic obliquity (Rx). Because 
of the initial angle of the S1:ASIS projection to the sagittal plane, translation along the x-axis 
introduces a parallax error, whereby posterior translation reduces the projected linear distance 
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between the markers, whereas anterior translation increases the distance. Pelvic frontal rotation also 
alters the distance between the S1 and ASIS markers. Similarly to pelvic sagittal rotation, because of 
the increased distance between the ASIS marker and the centre of rotation of the pelvis, pelvic 
frontal rotation away from the camera would lead to divergence of the ASIS marker whereas z-axis 
translation would remain largely unchanged.  
Table 4-3. Pelvis Rotation mean error and 95% Limits of Agreement for 3D and 2D (corrected and 
uncorrected) systems.  
 
Tz 
(mm) 
Tx 
(mm) 
Rx 
(°) 
Rz 
(°) 
Ry 
(°) 
Vicon 
mean error (°) 
(95% LOA) 
pDS1ASIS Sagittal 
mean error (°) 
(95% LOA) 
pDASIS Frontal 
mean error (°) 
(95% LOA) 
pDS1ASIS Sagittal 
corrected 
mean error (°) 
(95% LOA) 
pDASIS Frontal 
corrected 
mean error (°) 
(95% LOA) 
pDS1ASIS 
Sagittal 
corrected 
single camera 
mean error (°) 
(95% LOA) 
- - - - -50 -0.2 (-0.2 ,-0.2) 3.7 (2.8, 4.5) -3.5 (-3.5, -3.4) -1.7 (-2.4, -1.1) -4.8 (-4.8, -4.7) 2.1 (1.4, 2.9) 
- - - - -48 -0.6 (-0.6 ,-0.6) 1.6 (0.9, 2.3) -3.8 (-4.2, -3.4) -3.8 (-4.4, -3.3) -5.1 (-5.5, -4.7) 0.1 (-0.6, 0.7) 
- - - - -46 -1.1 (-1.1 ,-1.1) 2.3 (-0.4, 5.1) -4.1 (-4.3, -3.9) -3.5 (-5.5, -1.5) -5.3 (-5.5, -5.2) 0.7 (-1.8, 3.2) 
- - - - -44 -0.5 (-0.5 ,-0.5) 1.4 (-1.9, 4.7) -4 (-4.3, -3.6) -4.5 (-6.8, -2.2) -5.2 (-5.5, -4.9) -0.3 (-3.2, 2.6) 
- - - - -42 -0.6 (-0.6 ,-0.6) 2.6 (-0.5, 5.7) -3.8 (-3.9, -3.8) -4.2 (-6, -2.3) -5 (-5.1, -5) 0.6 (-2, 3.2) 
- - - - -40 -0.7 (-0.7 ,-0.7) 3.6 (-1.8, 9) -3.8 (-4, -3.6) -4.3 (-6.8, -1.8) -5 (-5.2, -4.8) 0.9 (-3, 4.7) 
- - - - -38 0.2 (0.2 ,0.2) 1.8 (-0.1, 3.7) -2.9 (-3.3, -2.5) -5.7 (-6.7, -4.8) -4 (-4.4, -3.7) -0.7 (-2.1, 0.7) 
- - - - -36 -0.3 (-0.3 ,-0.3) 1 (0.4, 1.6) -3.3 (-3.8, -2.7) -7 (-7.2, -6.7) -4.4 (-4.9, -3.9) -1.7 (-2.1, -1.2) 
- - - - -34 -0.6 (-0.6 ,-0.6) 4.3 (2.5, 6) -3.7 (-3.7, -3.6) -5.4 (-9.6, -1.3) -4.7 (-4.8, -4.6) 2.6 (-3.7, 9) 
- - - - -32 -0.7 (-0.7 ,-0.7) 2.6 (2.3, 2.9) -3.4 (-4.3, -2.5) -5 (-7, -3) -4.4 (-5.3, -3.6) 2.9 (2.6, 3.2) 
- - - - -30 -0.6 (-0.6 ,-0.6) 0.8 (0.3, 1.3) -3.4 (-3.6, -3.1) -7.5 (-11, -4) -4.4 (-4.7, -4.1) 0.2 (-2.3, 2.7) 
- - - - -28 -0.7 (-0.7 ,-0.7) -1.3 (-1.8, -0.7) -3.1 (-3.3, -2.9) -8 (-12, -4) -4.1 (-4.3, -3.9) -1.3 (-1.8, -0.9) 
- - - - -26 -0.5 (-0.5 ,-0.5) -3.1 (-3.3, -2.8) -3.3 (-3.7, -3) -11.3 (-13.1, -9.6) -4.3 (-4.6, -4) -2.8 (-3.1, -2.6) 
- - - - -24 -0.3 (-0.3 ,-0.3) -4.5 (-6.1, -3) -2.6 (-3, -2.3) 4.7 (2.9, 6.6) -3.6 (-3.9, -3.3) -3.1 (-8.9, 2.7) 
- - - - -22 -0.6 (-0.6 ,-0.6) -5.5 (-10.6, -0.4) -3.1 (-3.6, -2.7) 2.5 (-1.3, 6.3) -4 (-4.5, -3.6) -3.5 (-10.1, 3.1) 
- - - - -20 -0.6 (-0.6 ,-0.6) -6.1 (-11.5, -0.8) -2.8 (-3.8, -1.9) 0.9 (-1.8, 3.7) -3.8 (-4.7, -2.9) -4.6 (-11.8, 2.6) 
- - - - -18 -0.5 (-0.5 ,-0.5) -2.7 (-6.7, 1.3) -2.4 (-3.2, -1.5) 1.3 (-1.5, 4.1) -3.2 (-4.1, -2.4) -1.7 (-5.3, 1.9) 
- - - - -16 -0.2 (-0.2 ,-0.2) -2.7 (-2.9, -2.5) -2.4 (-3.1, -1.6) 0.5 (0.3, 0.6) -3.3 (-4, -2.5) -1.9 (-2.1, -1.8) 
- - - - -14 -0.1 (-0.1 ,-0.1) -1.5 (-1.7, -1.4) -2.1 (-2.6, -1.6) 0.6 (0.5, 0.7) -2.9 (-3.4, -2.5) -1.1 (-1.2, -0.9) 
- - - - -12 -0.1 (-0.1 ,-0.1) -1.4 (-2.3, -0.5) -2 (-2.3, -1.8) 0.4 (-0.5, 1.2) -2.9 (-3.1, -2.6) -1 (-1.9, -0.1) 
- - - - -10 -0.2 (-0.2 ,-0.2) -0.4 (-1.2, 0.4) -1.8 (-2.6, -1) 0.9 (0.2, 1.6) -2.5 (-3.3, -1.8) -0.1 (-0.9, 0.6) 
- - - - -8 -0.1 (-0.1 ,-0.1) -0.6 (-2, 0.8) -1.9 (-2.6, -1.2) 0.2 (-1.1, 1.6) -3 (-3.6, -2.3) -0.4 (-1.8, 1) 
- - - - -6 -0.2 (-0.2 ,-0.2) 0.4 (0.1, 0.7) -2.6 (-3.2, -1.9) 1 (0.8, 1.3) -3.7 (-4.2, -3.1) 0.6 (0.3, 0.8) 
- - - - -4 -0.3 (-0.3 ,-0.3) 0.4 (0.2, 0.6) -1.9 (-3.2, -0.6) 0.8 (0.6, 1) -2.9 (-4, -1.8) 0.5 (0.3, 0.7) 
- - - - -2 -0.2 (-0.2 ,-0.2) 0.1 (-1.3, 1.5) -2.1 (-4.5, 0.3) 0.3 (-1.1, 1.7) -3.4 (-5.2, -1.7) 0.1 (-1.3, 1.6) 
- - - - 0 0 (0 ,0) 0 (-0.1, 0.1) 1.3 (-3.3, 5.9) 0 (-0.1, 0.1) 1.3 (-3.3, 5.9) 0 (-0.1, 0.1) 
- - - - 2 -0.3 (-0.3 ,-0.3) -0.2 (-0.7, 0.2) 1.5 (-5, 8) -0.4 (-0.9, 0) 1.1 (-5, 7.1) -0.2 (-0.7, 0.2) 
- - - - 4 -0.5 (-0.5 ,-0.5) -0.5 (-1.2, 0.2) 0 (0, 0) -0.8 (-1.5, -0.1) -1.3 (-1.3, -1.3) -0.6 (-1.3, 0.1) 
- - - - 6 -1.1 (-1.1 ,-1.1) -1.1 (-1.6, -0.6) -0.2 (-3.2, 2.8) -1.5 (-2, -1) -0.8 (-4.2, 2.6) -1.1 (-1.6, -0.6) 
- - - - 8 -1.4 (-1.4 ,-1.4) -1.5 (-1.8, -1.1) -1.7 (-4.6, 1.2) -2 (-2.3, -1.6) -3 (-6.6, 0.6) -1.5 (-1.9, -1.2) 
- - - - 10 -1.3 (-1.3 ,-1.3) -1.2 (-1.3, -1.2) -2.8 (-5.1, -0.6) -1.7 (-1.8, -1.7) -4.1 (-6.8, -1.3) -1.3 (-1.3, -1.2) 
- - - - 12 -2 (-2 ,-2) -2 (-2.4, -1.6) -1.7 (-3.3, -0.1) -2.6 (-3, -2.2) -2.5 (-4.2, -0.8) -2.1 (-2.5, -1.7) 
- - - - 14 -1.7 (-1.7 ,-1.7) -1.4 (-1.5, -1.3) -2.8 (-4.2, -1.3) -2 (-2.1, -2) -3.7 (-5.3, -2) -1.5 (-1.5, -1.4) 
- - - - 16 -0.8 (-0.8 ,-0.8) -0.4 (-0.4, -0.3) -0.7 (-1.9, 0.5) -1.2 (-1.2, -1.1) -1.4 (-2.7, -0.2) -0.5 (-0.5, -0.4) 
- - - - 18 -1.1 (-1.1 ,-1.1) -0.8 (-1.1, -0.5) -1.6 (-1.7, -1.4) -1.6 (-1.9, -1.3) -2 (-2.2, -1.9) -0.9 (-1.2, -0.6) 
- - - - 20 -0.4 (-0.4 ,-0.4) -0.4 (-0.7, -0.1) -0.7 (-1.6, 0.2) -1.3 (-1.6, -1) -1.3 (-2.3, -0.3) -0.5 (-0.8, -0.2) 
- - - - 22 -0.8 (-0.8 ,-0.8) -0.6 (-0.7, -0.6) -1 (-1.7, -0.4) -1.6 (-1.7, -1.5) -1.7 (-2.4, -1) -0.8 (-0.9, -0.7) 
- - - - 24 -0.6 (-0.6 ,-0.6) -0.3 (-0.4, -0.3) -0.8 (-0.9, -0.7) -1.3 (-1.4, -1.3) -1.4 (-1.5, -1.3) -0.5 (-0.5, -0.4) 
- - - - 26 -0.4 (-0.4 ,-0.4) -0.2 (-0.5, 0.1) -0.7 (-1.4, 0) -1.2 (-1.5, -0.9) -1.4 (-2, -0.7) -0.3 (-0.6, 0) 
- - - - 28 -0.9 (-0.9 ,-0.9) . -0.5 (-1.1, 0.1) . . . 
- - - - 30 -0.4 (-0.4 ,-0.4) . -0.2 (-1.3, 1) . . . 
- - - - 32 -1.2 (-1.2 ,-1.2) . -1 (-1, -1) . . . 
- - - - 34 -1 (-1 ,-1) . -0.6 (-1.6, 0.3) . . . 
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Tz 
(mm) 
Tx 
(mm) 
Rx 
(°) 
Rz 
(°) 
Ry 
(°) 
Vicon 
mean error (°) 
(95% LOA) 
pDS1ASIS Sagittal 
mean error (°) 
(95% LOA) 
pDASIS Frontal 
mean error (°) 
(95% LOA) 
pDS1ASIS Sagittal 
corrected 
mean error (°) 
(95% LOA) 
pDASIS Frontal 
corrected 
mean error (°) 
(95% LOA) 
pDS1ASIS 
Sagittal 
corrected 
single camera 
mean error (°) 
(95% LOA) 
- - - - 36 -0.5 (-0.5 ,-0.5) . -0.2 (-0.7, 0.3) . . . 
- - - - 38 -0.9 (-0.9 ,-0.9) . -0.6 (-1, -0.1) . . . 
- - - - 40 -0.7 (-0.7 ,-0.7) . -0.5 (-0.9, -0.1) . . . 
- - - - 42 -0.9 (-0.9 ,-0.9) . -0.5 (-0.9, -0.1) . . . 
- - - - 44 -0.5 (-0.5 ,-0.5) . 0.1 (-0.2, 0.5) . . . 
- - - - 46 0.2 (0.2 ,0.2) . 0.6 (0.1, 1.1) . . . 
- - - - 48 -0.5 (-0.5 ,-0.5) . -0.1 (-0.5, 0.3) . . . 
- - - - 50 -0.2 (-0.2 ,-0.2) . 0.3 (-0.4, 0.9) . . . 
-100 - - - - 0 (0 ,0) 2.2 (0.5, 3.8) 14.7 (14.2, 15.1) -0.2 (-1.9, 1.6) -0.3 (-0.4, -0.2) 0.1 (-1.6, 1.9) 
-80 - - - - 0.1 (0.1 ,0.1) 2.8 (1, 4.7) 12.7 (9.1, 16.3) 1 (-1, 2.9) 1.7 (-5.5, 8.9) 1.3 (-0.6, 3.2) 
-60 - - - - 0 (0 ,0) 1.7 (0.4, 3) 10.9 (6.7, 15.2) 0.3 (-1, 1.7) 1.1 (-3.1, 5.3) 0.4 (-0.9, 1.8) 
-40 - - - - 0 (0 ,0) 2 (0.7, 3.4) 11.4 (11.4, 11.5) 0.9 (-0.5, 2.3) 5.7 (5.6, 5.7) 1.2 (-0.2, 2.6) 
-20 - - - - 0 (0 ,0) 0.2 (-1.4, 1.7) 7.4 (7.1, 7.7) -0.4 (-1.9, 1.2) 3.9 (3.3, 4.4) -0.3 (-1.9, 1.3) 
20 - - - - 0 (0 ,0) 0.2 (-1.4, 1.8) -0.3 (-0.7, 0.2) 0.4 (-1.2, 1.9) 3.7 (-2.8, 10.2) 0.6 (-0.9, 2.1) 
40 - - - - 0 (0 ,0) -0.3 (-0.7, 0.1) -0.7 (-1, -0.5) 0.5 (0.2, 0.9) 2.8 (-2.1, 7.7) 0.5 (0.2, 0.9) 
60 - - - - 0 (0 ,0) -0.2 (-0.5, 0.1) -1.1 (-1.7, -0.4) 0.9 (0.6, 1.2) 4.2 (-3.5, 11.8) 1 (0.7, 1.3) 
80 - - - - 0 (0 ,0) -1.3 (-3.2, 0.7) -1.5 (-1.7, -1.3) 0.4 (-1.5, 2.3) 4.7 (2.1, 7.3) 0.4 (-1.5, 2.3) 
100 - - - - 0 (0 ,0) -0.6 (-2.2, 0.9) -2.2 (-2.4, -2) 1.3 (-0.2, 2.7) -0.1 (-0.3, 0.1) 1.3 (-0.1, 2.8) 
250 - - - - 0 (0 ,0) -4.2 (-4.6, -3.8) -5.1 (-6, -4.3) 1.6 (1.3, 1.9) 3.8 (-5.5, 13.1) 1.2 (0.9, 1.5) 
500 - - - - 0.1 (0.1 ,0.1) -9.8 (-11.5, -8.1) -11.6 (-11.7, -11.4) 3 (1.9, 4.1) -0.7 (-0.8, -0.5) 2.1 (1, 3.2) 
- 20 - - - 0.1 (0.1 ,0.1) 1.1 (-0.9, 3.2) -0.2 (-0.4, 0) 0.5 (-1.6, 2.5) -0.2 (-0.4, 0) 1.1 (-0.9, 3.1) 
- 40 - - - 0 (0 ,0) 1.7 (0.6, 2.9) -0.1 (-0.4, 0.2) 0.4 (-0.8, 1.6) 0.3 (-1.3, 1.9) 1.8 (0.6, 2.9) 
- 60 - - - -0.1 (-0.1 ,-0.1) 3.3 (3.1, 3.5) -0.2 (-0.3, -0.1) 1.5 (1.3, 1.7) 0.1 (-0.6, 0.9) 3.4 (3.2, 3.5) 
- 80 - - - 0 (0 ,0) 2.6 (1.6, 3.6) 0.1 (-0.7, 1) 0.3 (-0.8, 1.4) 3.3 (1.3, 5.2) 2.8 (1.8, 3.8) 
- 100 - - - 0 (0 ,0) 3.6 (3.4, 3.8) 2.3 (-6.3, 11) 0.7 (0.5, 0.9) 4.4 (-5.1, 13.8) 3.7 (3.5, 3.9) 
- 250 - - - 0 (0 ,0) 7.4 (6.2, 8.5) 2.6 (-6.8, 11.9) 0.7 (-0.6, 2.1) 7.7 (1.5, 13.9) 7.8 (6.6, 8.9) 
- 450 - - - -0.1 (-0.1 ,-0.1) 11.6 (11.3, 11.9) 5.2 (-4.3, 14.8) 0.1 (-0.3, 0.4) 10.4 (4.5, 16.4) 12.1 (11.8, 
12.4) - - -10 - - -0.2 (-0.2 ,-0.2) 1.6 (1.3, 2) 10.3 (3.9, 16.7) -0.4 (-0.8, -0.1) 5.7 (-4.4, 15.8) 0.2 (-0.2, 0.5) 
- - -8 - - -0.1 (-0.1 ,-0.1) 2.2 (1.1, 3.4) 9 (3, 15) 0.5 (-0.7, 1.8) 3 (-7.6, 13.7) 1 (-0.2, 2.2) 
- - -6 - - -0.1 (-0.1 ,-0.1) 1.7 (0, 3.3) 7.6 (5.8, 9.4) -0.1 (-1.8, 1.6) -0.1 (-0.3, 0.1) 0.5 (-1.2, 2.2) 
- - -4 - - -0.1 (-0.1 ,-0.1) -0.5 (-0.9, -0.1) 5.3 (-4.3, 14.8) -1.7 (-2.1, -1.3) 3.3 (-3.7, 10.4) -1.3 (-1.8, -0.9) 
- - -2 - - 0 (0 ,0) 0 (-0.2, 0.2) 7.3 (5.8, 8.9) -0.9 (-1.1, -0.7) 6 (4.1, 7.9) -0.5 (-0.7, -0.3) 
- - 2 - - 0 (0 ,0) 0.7 (0, 1.4) -0.2 (-0.4, 0.1) 0.8 (0.1, 1.4) 1.9 (-1.6, 5.4) 0.9 (0.2, 1.6) 
- - 4 - - 0 (0 ,0) 1.1 (0.9, 1.3) 4.5 (-3.6, 12.6) 1.4 (1.2, 1.6) 6.7 (-0.5, 14) 1.4 (1.2, 1.6) 
- - 6 - - 0 (0 ,0) 0.8 (0.2, 1.4) -0.2 (-0.4, 0.1) 1.4 (0.9, 2) 4.8 (1.7, 7.9) 1.4 (0.9, 2) 
- - 8 - - 0 (0 ,0) 0.5 (-0.8, 1.7) -0.8 (-0.9, -0.7) 1.5 (0.3, 2.7) -0.3 (-0.5, -0.2) 1.4 (0.2, 2.6) 
- - 10 - - 0 (0 ,0) 0.7 (0, 1.4) -0.9 (-1, -0.8) 1.7 (1.1, 2.4) -0.4 (-0.5, -0.2) 1.8 (1.1, 2.4) 
- - 25 - - -0.3 (-0.3 ,-0.3) -1.6 (-2.9, -0.3) -1.8 (-2.9, -0.8) 1.8 (0.7, 3) 1.2 (-3.2, 5.6) 1.6 (0.4, 2.7) 
- - 50 - - -1.5 (-1.5 ,-1.5) -6.9 (-8.3, -5.5) -3 (-3.1, -2.9) 1.3 (0.2, 2.4) 5.4 (4.1, 6.8) 0.5 (-0.6, 1.6) 
- - - 2 - 1.2 (1.2 ,1.2) 3 (1.3, 4.7) 8.1 (8.1, 8.1) 2.5 (0.8, 4.2) 8.5 (8.5, 8.5) 2.9 (1.2, 4.6) 
- - - 4 - 0.9 (0.9 ,0.9) 3.5 (3.2, 3.9) 1.6 (-5.2, 8.5) 1.9 (1.5, 2.2) 1.7 (-5.2, 8.5) 3.4 (3, 3.7) 
- - - 6 - 0.7 (0.7 ,0.7) 4.3 (3, 5.6) 4.4 (4, 4.9) 2.4 (1.1, 3.8) 6.9 (6.6, 7.2) 4.3 (3, 5.6) 
- - - 8 - -0.3 (-0.3 ,-0.3) 3.7 (2.5, 5) 5.5 (-4.4, 15.5) 1.2 (-0.2, 2.5) 6.5 (-4.7, 17.7) 3.6 (2.4, 4.9) 
- - - 10 - -0.5 (-0.5 ,-0.5) 4.5 (4.3, 4.6) 2.1 (-6.7, 10.8) 1.9 (1.7, 2.1) 3.1 (-8, 14.1) 4.4 (4.2, 4.6) 
- - - 25 - -1.4 (-1.4 ,-1.4) 6.1 (5.9, 6.2) 1.5 (-5, 8) 0.1 (-0.1, 0.3) 5.1 (-4.4, 14.6) 6 (5.9, 6.2) 
- - - 50 - 3.5 (3.5 ,3.5) . 6.1 (-4.5, 16.7) . . . 
- - -10 - 5 -1.2 (-1.2 ,-1.2) 2 (1.7, 2.2) 6.9 (5.9, 7.8) 0.7 (0.5, 1) 3.2 (1.8, 4.6) 0.8 (0.5, 1) 
- - -8 - 5 -1.1 (-1.1 ,-1.1) 1.5 (0.4, 2.7) 5.2 (0.3, 10.2) 0.4 (-0.8, 1.6) 0.8 (-9.2, 10.8) 0.5 (-0.7, 1.7) 
- - -6 - 5 -1.1 (-1.1 ,-1.1) 1 (0.1, 1.9) 2.6 (1.7, 3.4) -0.2 (-1.1, 0.8) -4 (-7.5, -0.6) 0.1 (-0.8, 1) 
- - -4 - 5 -1 (-1 ,-1) 1 (0.6, 1.4) 3.9 (-0.3, 8.1) 0.4 (0, 0.8) 0.6 (-5.6, 6.9) 0.3 (-0.1, 0.6) 
- - -2 - 5 -1 (-1 ,-1) 0.3 (0, 0.6) 3.6 (-1.4, 8.6) 0.1 (-0.2, 0.3) 2.8 (-2.7, 8.2) 0 (-0.3, 0.2) 
- - 0 - 5 -0.9 (-0.9 ,-0.9) 0.8 (0.8, 0.8) 2.7 (1.9, 3.6) 0.8 (0.8, 0.8) 2.4 (1.4, 3.3) 0.6 (0.6, 0.6) 
- - 2 - 5 -1 (-1 ,-1) 0.4 (-1.3, 2.1) 3.3 (-2, 8.6) 0.8 (-0.9, 2.5) 4.5 (-0.2, 9.2) 0.6 (-1.1, 2.3) 
- - 4 - 5 -0.9 (-0.9 ,-0.9) -1 (-1.6, -0.5) -5.3 (-5.4, -5.2) -0.2 (-0.8, 0.3) -3.4 (-6.1, -0.7) -0.5 (-1.1, 0) 
- - 6 - 5 -0.9 (-0.9 ,-0.9) -1.4 (-1.8, -0.9) -5.2 (-5.4, -5) -0.4 (-0.8, 0) -0.1 (-2.3, 2) -0.7 (-1.1, -0.2) 
- - 8 - 5 -0.9 (-0.9 ,-0.9) -0.8 (-1.6, 0.1) -5.6 (-6.5, -4.8) 0.7 (-0.2, 1.5) -1.8 (-10.5, 6.9) 0.3 (-0.5, 1.1) 
- - 10 - 5 -1 (-1 ,-1) -1.7 (-2.1, -1.3) -5.2 (-5.3, -5) 0 (-0.3, 0.4) 2.8 (1.9, 3.7) -0.5 (-0.8, -0.1) 
- - 25 - 5 -1.5 (-1.5 ,-1.5) -4.4 (-5.1, -3.6) -6.4 (-7.2, -5.6) -0.5 (-1.1, 0.2) -1.3 (-9.9, 7.4) -1.2 (-1.9, -0.5) 
- - 50 - 5 -3.8 (-3.8 ,-3.8) -10.3 (-11.4, -9.3) -7.3 (-7.5, -7.1) -2 (-2.8, -1.2) 4.6 (3.4, 5.9) -3.3 (-4.1, -2.4) 
- - - 2 5 -1 (-1 ,-1) 0 (-1.3, 1.3) -5.1 (-5.1, -5.1) 0 (-1.2, 1.3) -5.1 (-5.1, -5.1) 0 (-1.3, 1.3) 
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corrected 
single camera 
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(95% LOA) 
- - - 4 5 -1.3 (-1.3 ,-1.3) 1.3 (1, 1.5) -2.4 (-12.1, 7.4) 0.5 (0.2, 0.8) -1 (-10.4, 8.5) 1.2 (1, 1.5) 
- - - 6 5 -1.4 (-1.4 ,-1.4) 1.3 (-0.3, 2.9) 0.6 (-0.5, 1.6) 0.1 (-1.5, 1.8) 3.2 (2.5, 3.9) 1.3 (-0.3, 2.9) 
- - - 8 5 -1.7 (-1.7 ,-1.7) 1.9 (1.5, 2.2) -3.6 (-10.4, 3.2) 0.2 (-0.1, 0.6) -2.6 (-11.8, 6.6) 1.9 (1.5, 2.3) 
- - - 10 5 -1.9 (-1.9 ,-1.9) 2.4 (2.1, 2.7) 1.3 (-2.3, 4.9) 0.3 (0, 0.6) 3.9 (1.4, 6.3) 2.4 (2.2, 2.7) 
- - - 25 5 -2.8 (-2.8 ,-2.8) 3.5 (2.5, 4.5) -4.1 (-7.4, -0.8) -2.1 (-3.3, -1) 3.8 (2.5, 5.1) 3.5 (2.6, 4.5) 
- - - 50 5 -3.3 (-3.3 ,-3.3) . -3 (-11.4, 5.3) . . . 
- 20 - - 5 -1 (-1 ,-1) 0.1 (-0.8, 1.1) -5.2 (-5.4, -5) -0.6 (-1.6, 0.4) -4 (-7.6, -0.4) 0.1 (-0.8, 1.1) 
- 40 - - 5 -1 (-1 ,-1) 0.9 (-0.8, 2.6) -0.2 (-8.7, 8.4) -0.2 (-2, 1.6) 0.5 (-9, 9.9) 0.9 (-0.8, 2.6) 
- 60 - - 5 -1 (-1 ,-1) 1.6 (1.2, 2.1) -5.2 (-5.4, -4.9) 0 (-0.5, 0.5) -2.9 (-6.7, 0.9) 1.7 (1.2, 2.2) 
- 80 - - 5 -1 (-1 ,-1) 2.1 (0.9, 3.3) -2.4 (-10.5, 5.7) -0.1 (-1.4, 1.2) -0.8 (-9.1, 7.6) 2.1 (0.8, 3.3) 
- 100 - - 5 -1 (-1 ,-1) 3.1 (2.2, 4) -4.9 (-5.8, -4) 0.6 (-0.3, 1.6) -0.8 (-3.5, 1.9) 3.2 (2.4, 4.1) 
- 250 - - 5 -1 (-1 ,-1) 5.8 (4.7, 6.9) -5.2 (-5.4, -5) -0.2 (-1.4, 1.1) 1.5 (-0.3, 3.3) 6.2 (5.1, 7.2) 
- 450 - - 5 -0.9 (-0.9 ,-0.9) 8.7 (8.3, 9.1) -5.2 (-5.4, -5) -2.3 (-2.8, -1.8) 3.5 (2.1, 4.8) 9.1 (8.8, 9.5) 
-100 - - - 5 -1 (-1 ,-1) 2.1 (1.1, 3.2) 9.6 (8.7, 10.5) 0.1 (-1, 1.2) -5.2 (-5.4, -4.9) 0.4 (-0.7, 1.5) 
-80 - - - 5 -1 (-1 ,-1) 1.6 (1.3, 1.9) 8.3 (4.3, 12.2) 0 (-0.4, 0.3) -3.4 (-7.3, 0.5) 0.1 (-0.2, 0.4) 
-60 - - - 5 -0.9 (-0.9 ,-0.9) 0.4 (0.3, 0.6) 8.6 (4.9, 12.2) -0.9 (-1.1, -0.8) 0.4 (-9, 9.8) -0.7 (-0.9, -0.5) 
-40 - - - 5 -1 (-1 ,-1) 1.4 (1.1, 1.7) 6.4 (5.4, 7.4) 0.5 (0.2, 0.9) 0.8 (-1.2, 2.8) 0.6 (0.3, 1) 
-20 - - - 5 -1 (-1 ,-1) 0.7 (-0.7, 2.1) 2.1 (1.1, 3) 0.2 (-1.2, 1.6) -1.9 (-4.2, 0.4) 0.4 (-1, 1.8) 
20 - - - 5 -1 (-1 ,-1) 0.5 (-1.4, 2.3) -5.1 (-5.2, -5) 0.9 (-0.9, 2.7) 2.4 (1.5, 3.4) 0.9 (-0.9, 2.7) 
40 - - - 5 -0.9 (-0.9 ,-0.9) -1.3 (-2.6, 0.1) -5.4 (-6.2, -4.7) -0.6 (-1.9, 0.8) 2.2 (-5, 9.3) -0.5 (-1.9, 0.8) 
60 - - - 5 -0.9 (-0.9 ,-0.9) -2.3 (-4, -0.7) -6.3 (-7.1, -5.6) -1.1 (-2.7, 0.5) -2.9 (-11, 5.2) -1.3 (-2.9, 0.4) 
80 - - - 5 -1 (-1 ,-1) -2.8 (-3.2, -2.4) -6 (-6.7, -5.3) -1.3 (-1.7, -0.9) 4.1 (-0.7, 9) -1.4 (-1.8, -1) 
100 - - - 5 -1 (-1 ,-1) -2.9 (-3.9, -2) -6.7 (-7.7, -5.7) -0.8 (-1.7, 0.1) 1.6 (-9.6, 12.8) -1 (-1.9, -0.1) 
250 - - - 5 -0.9 (-0.9 ,-0.9) -5.4 (-7.3, -3.4) -9.9 (-10.1, -9.7) -0.1 (-1.8, 1.5) 3 (1.4, 4.6) -0.6 (-2.3, 1.2) 
500 - - - 5 -1 (-1 ,-1) -10.9 (-12.5, -9.3) -15.9 (-16.2, -15.6) 0.6 (-0.6, 1.7) -2.4 (-7, 2.2) -0.4 (-1.6, 0.8) 
-100 - - - 10 -0.1 (-0.1 ,-0.1) -0.7 (-0.7, -0.7) 7 (5.6, 8.3) -2.4 (-2.4, -2.4) -3.9 (-7.9, 0) -2.4 (-2.4, -2.4) 
-50 - - - 10 0 (0 ,0) -1.2 (-2.4, 0.1) 4.6 (3.4, 5.8) -1.9 (-3.1, -0.6) -0.8 (-2.8, 1.1) -2 (-3.2, -0.8) 
-10 - - - 10 -0.1 (-0.1 ,-0.1) -1.5 (-1.8, -1.3) -0.8 (-6.2, 4.7) -1.6 (-1.8, -1.3) -2.1 (-8.2, 4.1) -1.7 (-2, -1.5) 
10 - - - 10 0 (0 ,0) -1.8 (-2.5, -1.1) -2.5 (-4.2, -0.8) -1.4 (-2.1, -0.6) -0.9 (-2.3, 0.5) -1.6 (-2.4, -0.9) 
50 - - - 10 0 (0 ,0) -2.5 (-2.8, -2.2) -10.2 (-10.4, -10) -1.5 (-1.8, -1.2) -0.6 (-1.8, 0.6) -1.8 (-2, -1.5) 
100 - - - 10 0 (0 ,0) -4 (-5.5, -2.6) -11.3 (-12.1, -10.4) -2 (-3.4, -0.6) 0 (-4.8, 4.9) -2.4 (-3.7, -1) 
250 - - - 10 0 (0 ,0) -7.4 (-9.1, -5.7) -14.7 (-15.7, -13.7) -2.1 (-3.6, -0.7) -0.3 (-6.1, 5.4) -2.8 (-4.3, -1.4) 
500 - - - 10 0 (0 ,0) -13.5 (-14.5, -12.5) -20.6 (-21.5, -19.7) -2.4 (-3.1, -1.7) -3.9 (-14.4, 6.6) -3.6 (-4.3, -2.9) 
-100 - - - 25 0.7 (0.7 ,0.7) -0.5 (-1.5, 0.4) 4 (3.4, 4.5) -1.3 (-2.3, -0.3) -0.2 (-0.8, 0.4) -1.7 (-2.7, -0.7) 
-50 - - - 25 0.8 (0.8 ,0.8) -0.7 (-1.6, 0.2) 2.7 (2, 3.4) -0.9 (-1.8, 0) 0.7 (0, 1.5) -1.3 (-2.2, -0.4) 
-10 - - - 25 0.7 (0.7 ,0.7) -1.6 (-1.9, -1.3) 0.1 (-1.6, 1.7) -1.1 (-1.3, -0.8) 0.3 (-1.4, 2) -1.6 (-1.9, -1.4) 
10 - - - 25 0.7 (0.7 ,0.7) -2.7 (-3.8, -1.6) -0.5 (-1, 0) -2 (-3, -0.9) 0.7 (0.3, 1.2) -2.4 (-3.5, -1.3) 
50 - - - 25 0.7 (0.7 ,0.7) -3 (-4.2, -1.9) -2.1 (-2.7, -1.6) -1.7 (-2.8, -0.6) 1.2 (0.7, 1.6) -2.3 (-3.4, -1.1) 
100 - - - 25 0.7 (0.7 ,0.7) -4.2 (-5.4, -3.1) -3.9 (-4.5, -3.3) -2.3 (-3.4, -1.1) 2 (1.5, 2.5) -2.9 (-4, -1.8) 
250 - - - 25 0.8 (0.8 ,0.8) -6.4 (-7.3, -5.5) -17.8 (-19.4, -16.2) -2.1 (-2.9, -1.2) 1.6 (1.1, 2) -3 (-3.8, -2.1) 
500 - - - 25 0.7 (0.7 ,0.7) -11.3 (-12.2, -10.5) -29.4 (-30.4, -28.4) -2.7 (-3.5, -2) 2.8 (0.6, 5) -4.1 (-4.9, -3.4) 
- - 5 0 5 -0.4 (-0.4 ,-0.4) -1.7 (-1.8, -1.6) -4.5 (-8.6, -0.4) -1.1 (-1.3, -1) -3 (-11.2, 5.3) -1.1 (-1.2, -1) 
- - 5 2 5 -0.6 (-0.6 ,-0.6) -0.6 (-1.5, 0.2) -5.5 (-5.7, -5.2) -0.3 (-1.1, 0.6) -2.7 (-6.9, 1.5) 0 (-0.8, 0.9) 
- - 5 4 5 -0.5 (-0.5 ,-0.5) 0.3 (-0.5, 1.1) -4.8 (-8, -1.7) 0.5 (-0.3, 1.2) -1.4 (-9.7, 7) 0.9 (0.2, 1.7) 
- - 5 6 5 -0.5 (-0.5 ,-0.5) 0.6 (0.2, 0.9) -5.5 (-6.1, -4.9) 0.1 (-0.3, 0.4) -2.3 (-8.9, 4.2) 1.2 (0.8, 1.5) 
- - 5 8 5 -0.8 (-0.8 ,-0.8) 1 (0.4, 1.6) -5.5 (-6.2, -4.8) 0.2 (-0.5, 0.8) -1.3 (-8.2, 5.7) 1.6 (1, 2.2) 
- - 5 10 5 -0.9 (-0.9 ,-0.9) 1.4 (0.2, 2.6) -5.8 (-6.3, -5.2) -0.4 (-1.7, 0.8) -3.5 (-9.7, 2.8) 1.9 (0.7, 3.1) 
- - 5 25 5 -1.4 (-1.4 ,-1.4) 3.2 (2.5, 4) -5.6 (-6.3, -4.9) -1.7 (-2.5, -0.9) 0.6 (-9, 10.1) 3.8 (3.1, 4.5) 
- - 5 50 5 0.3 (0.3 ,0.3) . -5.6 (-6.1, -5) . 5.1 (2.6, 7.7) . 
-10 - 5 5 5 -3 (-3 ,-3) 1.8 (1.4, 2.1) 8.9 (8, 9.7) -0.5 (-0.8, -0.1) -5.2 (-5.4, -5) 0.5 (0.1, 0.8) 
-8 - 5 5 5 -2.9 (-2.9 ,-2.9) 1.2 (0.8, 1.5) 7.9 (6.8, 9.1) -0.9 (-1.3, -0.5) -4.4 (-7, -1.8) 0.1 (-0.3, 0.5) 
-6 - 5 5 5 -3 (-3 ,-3) 0.9 (0.5, 1.3) 5.6 (4.2, 7) -0.7 (-1.1, -0.3) -5.1 (-5.4, -4.8) 0.2 (-0.2, 0.6) 
-4 - 5 5 5 -6.7 (-6.7 ,-6.7) 0.6 (0, 1.2) 2.2 (0.4, 3.9) -0.5 (-1.1, 0.1) -5.2 (-5.4, -5) 0.2 (-0.3, 0.8) 
-2 - 5 5 5 -2.9 (-2.9 ,-2.9) 0.3 (0.1, 0.4) -0.7 (-8.2, 6.8) -0.5 (-0.6, -0.3) -2.4 (-7.5, 2.7) 0.3 (0.1, 0.4) 
0 - 5 5 5 -2.9 (-2.9 ,-2.9) -0.2 (-0.8, 0.3) -2 (-7.7, 3.8) -0.7 (-1.3, -0.2) -2.1 (-7.7, 3.5) 0 (-0.6, 0.5) 
2 - 5 5 5 -3 (-3 ,-3) -0.7 (-1.6, 0.2) -5.4 (-5.7, -5.1) -0.6 (-1.5, 0.3) 0.8 (-2.1, 3.7) 0.1 (-0.8, 1) 
4 - 5 5 5 -2.9 (-2.9 ,-2.9) -1.2 (-1.3, -1.1) -6 (-6.2, -5.7) -0.8 (-0.8, -0.7) -2.2 (-6.5, 2) -0.1 (-0.1, 0) 
6 - 5 5 5 -3.1 (-3.1 ,-3.1) -1.6 (-1.6, -1.5) -6.2 (-6.6, -5.9) -0.9 (-1, -0.9) -1.9 (-7.9, 4.1) -0.2 (-0.2, -0.1) 
8 - 5 5 5 -2.9 (-2.9 ,-2.9) -2 (-2, -1.9) -6.7 (-6.8, -6.6) -0.7 (-0.8, -0.6) 0.2 (-1.2, 1.6) -0.1 (-0.2, 0) 
10 - 5 5 5 -3 (-3 ,-3) -2.6 (-3.1, -2.1) -7 (-7.2, -6.7) -0.9 (-1.4, -0.4) 2.2 (0.2, 4.2) -0.3 (-0.8, 0.2) 
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Tz 
(mm) 
Tx 
(mm) 
Rx 
(°) 
Rz 
(°) 
Ry 
(°) 
Vicon 
mean error (°) 
(95% LOA) 
pDS1ASIS Sagittal 
mean error (°) 
(95% LOA) 
pDASIS Frontal 
mean error (°) 
(95% LOA) 
pDS1ASIS Sagittal 
corrected 
mean error (°) 
(95% LOA) 
pDASIS Frontal 
corrected 
mean error (°) 
(95% LOA) 
pDS1ASIS 
Sagittal 
corrected 
single camera 
mean error (°) 
(95% LOA) 
25 - 5 5 5 -3 (-3 ,-3) -5.5 (-5.7, -5.4) -10.2 (-10.5, -9.9) -0.5 (-0.7, -0.4) 2.3 (-0.1, 4.7) -0.2 (-0.3, 0) 
50 - 5 5 5 -3.1 (-3.1 ,-3.1) -10.6 (-10.6, -10.6) -16.6 (-16.9, -16.4) 0.5 (0.5, 0.5) -5.5 (-5.8, -5.3) 0.4 (0.4, 0.4) 
Shaded grey areas represent 95% limits of agreement outside 3.6° margin of acceptable error.  
Tz=Anterior/posterior Translation; Tx=Medio/lateral Translation; Rx= Pelvic sagittal rotation; 
Rz=Pelvic frontal rotation; Ry=Pelvic transverse rotation. LOA = Limits of Agreement. 
pDASIS=Projected distance between ASIS markers (Frontal Method); pDS1ASIS=Projected distance 
between S1 and ASIS markers (Sagittal method). 
4.4.3 Clinical Implications and Recommendations 
There are implications common to both 2D photographic methods. First, both methods provide an 
estimation of change in rotation position from the reference position, rather than a measure of 
rotation angle relative to an external reference frame (i.e. it is not possible to determine whether the 
pelvic starts in some degree of rotation). Measurement of the rotation angle of the start position 
could be achieved by capture of a still image with the pelvis aligned with minimal rotation, for 
comparison to the start position during the task. Second, as most dynamic tasks will incur 
translations and rotations in all planes and axes, the accuracy of measures can be improved by use 
of the regression models to correct for factors that affect the relevant projected linear distance. This 
requires the simultaneous use of two cameras (one in the frontal and one in the sagittal plane) to 
make the other required measures. The alternative would be to limit pelvic rotation in the frontal 
plane and mediolateral translation. This would, of course, have the potential to modify the natural 
strategy of the patient and compromise the meaning of the data. In clinical practice concurrent 
measurement of frontal and sagittal pelvic motion means that the use of two cameras would be ideal 
for the overall assessment of pelvis control during static and dynamic functional tasks. 
It is acknowledged that assessment of pelvic rotation using the sagittal method assumes that the 
pelvis is symmetrical (i.e. that S1 lies on an orthogonal line projecting dorsally at the midpoint 
between both ASISs). This appears to be a reasonable assumption, given that S1 lies centrally 
between the ilia. Furthermore, a previous study which compared 25 linear measurements of the ilia 
in 129 pelvic bones revealed no significant differences between sides [224], whereas another study 
of 71 anatomical measurements between sides found only 15 that had significant differences 
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between sides [225]. The use of two cameras alone precludes the possibility to determine pelvis 
symmetry. Where asymmetry of the pelvis is suspected, the use of long jawed Vernier callipers may 
be a suitable alternative to measure the actual S1:ASIS distance on both sides and thus quantify the 
S1:ASIS angle relative to the sagittal plane with a greater accuracy. Alternatively, a photograph 
taken posteriorly could be used to measure the distance of S1 to the lateral pelvic soft tissue on each 
side to determine symmetry. 
Individual differences in pelvic morphology may impact the utility of the sagittal method. A smaller 
S1:ASIS angle relative to the sagittal plane would reduce the distance from the camera over which 
rotation can be measured. As the S1:ASIS angle relative to the sagittal plane approaches 0°, rotation 
will result in smaller incremental changes in the projected linear distance of S1:ASIS, subsequently 
increasing measurement error. The female pelvis is broader and flatter than the male pelvis [226]. 
As such the angle formed by S1 to the ASIS and the sagittal plane will tend to be greater. This might 
make the available range of rotation towards the camera greater in females. As a conservative 
guideline, the available range of rotation, while accounting for morphological differences in the 
pelvis, can be estimated as follows: 
Maximal Rotation towards camera = α-10.3°, where α is the angle formed by the S1:ASIS sector 
relative to the sagittal plane in the reference position. This angle was chosen as it corresponds to the 
angular displacement (-18°) where 95% limits of agreement for differences to jig measurements fell 
below ±3.6° (Figure 4-5), our pre-determined measure of clinical usefulness [220]. Rotation 
towards the camera was limited only by visual identification of the S1 marker. 
Finally, translation of the findings from this study into other clinical studies necessitates the use of 
similar camera settings. As different lens focal lengths may generate distortion of the image to some 
degree and distances from the object to the camera may exacerbate these, it cannot be assumed that 
the linear relationships between projected distances and movement in other planes and axes found 
in this study are directly transferable to other cameras and camera placements. Guidelines for best 
practice in the use of 2D images to assess angular or translatory changes are presented in Table 4-4. 
 
Table 4-4. Proposed guidelines to optimise measures of linear and angular motion using 
2D photography. 
Camera Position Aligned centrally and perpendicular to region of interest, at a minimum distance of 3m. 
Images at wide focal lengths may generate barrel distortion particularly at the edge of 
the frame, which will be more apparent when the camera is positioned closer to the 
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region of interest. Cameras not positioned perpendicular to the region of interest may 
generate parallax error in measurement of angles  
Camera Height At level of region of interest, level in sagittal and frontal planes. 
Image 
Resolution 
As high as practically possible. Greater number of pixels may increase the level of 
accuracy when calculating linear distances and angles. 
Pelvis rotation  For smaller angular rotations, the sagittal method proves the better option. For large 
rotations (e.g. maximal rotation in standing) the frontal method may be a suitable 
alternative. 
Calibration Calibration points should be aligned centrally in both sagittal and frontal planes. 
Calibration points set further apart will reduce the margin of error for subsequent 
measurements of linear distances. Alternatively, a dynamic calibration (i.e. calibration 
marker set that moves with the subject) may prevent the necessity of correcting for 
translation and rotation in other axes. 
Lens Aperture For measurement of region of interest during dynamic movements (e.g. landing from a 
jump), avoid greater apertures (i.e. f2.8), particularly at higher focal length, as this will 
reduce the image depth of field and potentially result in the region of interest being out 
of focus. Instead consider increasing lighting on the region of interest or adjust the 
camera’s sensitivity to light by increasing camera ISO (International Standards 
Organisation) levels.  
4.4.4 Limitations of the study 
There are some limitations to this study. First, although the effect of concomitant motion in other 
planes on the projected linear distances between relevant landmarks in the frontal and sagittal 
planes was assessed, only five degrees of freedom (Rx, Rz, RyTz, Tx) were considered. Vertical 
translation (Ty) was omitted in order to reduce the complexity of the study. Distortion of a 2D 
image in the vertical plane is minimised when the vantage point is horizontal to the item of interest. 
As both cameras were positioned at the level of the pelvis and care was taken to ensure the cameras 
were horizontal, it was considered that translation of the pelvis in the vertical axis would lead to 
minimal changes in projected distances in either planes.  
Second, although the results from this study demonstrate that the use of 2D cameras can accurately 
measure pelvis rotation (with concomitant movement in other planes), these measurements were 
performed on a plastic pelvis on an experimental jig. Further studies are required to validate this 
method in human subjects, particularly during dynamic tasks.   
 
4.5 Conclusion: 
Estimation of change in vertical axis rotation of the pelvis using 2D images demonstrates accuracy 
within specific ranges of motion. Further, and correction for confounding variables can provide 
results that are within acceptable limits of agreement to measurements set on a jig. Further in vivo 
studies to validate this method with is required to substantiate these findings. 
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4.6 Implications of Study 2 for the thesis 
This study has provided an acceptable method by which a 2D motion capture method can be 
accurately used to evaluate vertical axis rotation of the pelvis, addressing one of the main 
methodological concerns raised in Chapter 2. In the following studies contained in this thesis (Study 
3 (Chapter 6), Study 4 (Chapter 7)) this novel measurement approach is incorporated into the 2D 
motion capture method and testing procedure that will now be described in the following chapter 
(Chapter 5).   
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Chapter 5. Overview of methods: methods of recruitment, 
imaging, patient-reported and functional outcomes, and 
biomechanics 
 
The Systematic Review (Study 1, see Chapter 3) highlighted the need for clinically accessible, 
quantitative methods for assessing movement performance of the lumbo-pelvic-hip complex. Study 2 
(see Chapter 4) demonstrated the accuracy of a novel method to capture angular displacement of 
the pelvis in the transverse plane using 2D motion capture. This novel method was then 
incorporated within a 2D videographic method of motion capture that is utilised in studies 3-4 
(Chapters 6-7). This chapter describes this 2D method to avoid replication of information in these 
following chapters. This will include details regarding instrumentation, software, videographic 
analysis methods, and testing procedure including a description of the movement control tests of the 
lumbo-pelvic-hip complex.  
 
5.1 Equipment 
The motion capture system utilises anatomical markers (see Figure 5-1) placed on participant’s 
bony landmarks to enable calculation of spinal, pelvic and lower limb angles using eHAB™ 
telerehabilitation software (NeoRehab, Brisbane Australia) [227]. The spherical markers (25mm 
white markers) were placed bilaterally over the anterior superior iliac spine, posterior superior iliac 
spine, the tibial tuberosity, the midpoint of the anterior ankle joint, and the mid-point of the middle 
and distal portions of anterior thigh. Markers set on 10mm bases were also placed over the T12, L3 
and S1 spinous processes in order to enable adequate visual identification from the sagittal plane. In 
Study 3 (see Chapter 6) to serve the needs of the Vicon system, 9mm spherical reflective markers 
were used in place of the 25mm markers for both the 3D and 2D calculations.  
Video cameras (Canon 600D; Tokyo, Japan. EF-S 18-55mm IS II lens set at 18mm focal length) 
were positioned on tripods at a distance of 3 metres from a cross marked on the floor, at a height 
corresponding to the participant’s anterior superior iliac spines, in both the sagittal and frontal 
planes (see Figure 5-2). Two tripods were set up in the sagittal plane (on either side of the 
participant) and the sagittal camera was placed on the weight bearing side during unilateral tasks. 
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Two separate trials of bilateral stance were performed with video footage collected on the right and 
left sides in order to establish side specific baseline measurements for the sagittal measures (e.g. 
pelvic sagittal rotation). During the performance of the movement control tests video footage was 
recorded in high definition (720-line progressive), at 50 frames per second. To enable accurate 
determination of particular angles and distance calibration of video frames, four vertical rods of 
height 800mm were aligned with the cross marked on the floor (two in the sagittal and two in the 
frontal planes), at a distance of 1.3 metres from the cross centre-point. The known distance between 
vertical rods in both planes served to calibrate the image allowing linear distances between known 
points to be measured.  
 
Figure 5-1. Anatomical marker placement. 
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For Studies 3-4, it was important to synchronise the timing of all cameras. This included the timing 
of the two cameras used to collect the 2D kinematic data in both studies 3 and 4, as well as the 
timing of the two cameras used to collect the 2D kinematic data with the 3D Vicon cameras in 
Study 3. Synchronisation was enabled by custom fabricated footswitches, attached in an electronic 
circuit to lights which were activated when the footswitch was depressed. The lights (see Figure 
5.2) were in the field of view of both 2D cameras recording video footage. The lights also served as 
a means of determining key video frames, as described in the Synchronisation of data sections for 
each of the described test conditions in the below Procedures section. For Study 3 (See Chapter 6), 
a footswitch was also placed on a force platform that was synchronised with the Vicon system. 
Depression of the footswitch on the force plate (calibrated to activate the light in circuit at 24.5N), 
enabling synchronisation of 2D video motion footage with 3D data. 
 
Figure 5-2. Schematic diagram of the experimental set up depicting the location of the 
cameras, the vertical calibration rods, and the lights that were positioned on the trolley. 
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5.2 Kinematic Measurements 
Images taken using the camera systems were analysed using software from the eHAB 
Telerehabilitation platform (NeoRehab, Brisbane). The pelvic anatomical coordinate system was 
based on the recommendations of the International Society of Biomechanics [217]. The z-axis (i.e. 
pelvic sagittal rotation plane) corresponded to a line directed through both the Right and Left 
Anterior Superior Iliac Spines (RASIS and LASIS) and pointing to the right, the x-axis (i.e. pelvic 
frontal rotation plane) pointed orthogonally and anteriorly to the z-axis, and the y-axis (i.e. pelvic 
transverse rotation plane) pointed superiorly and perpendicular to both the x-axis and z-axis [218].  
 
Figure 5-3 Measured kinematic angles (A-D) and linear distances (E) included the; Lumbar 
lordosis (A), Knee Frontal Plane Projection Angle (FPPA) (B), Pelvic Sagittal Rotation Angle 
(C), Pelvic Frontal Rotation Angle (D), Pelvic Transverse Rotation Angle (E – line signifies the 
ASIS –S1 distance used for angle calculation). 
The following lumbar, pelvic and lower extremity angles were collected (Figure 5-3): 
▪ Lumbar lordosis [228], figure 5-3A. The angle formed by the T12, L3 and S1 spinous 
processes in the sagittal plane. A positive angle indicated a lumbar lordosis, while a 
negative angle indicated a lumbar kyphosis. During the functional movement tasks, 
positive angular displacement indicated that at the point of measurement the participant 
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was in greater lumbar lordosis relative to that measured in the bilateral stance reference 
position. 
▪ Knee Frontal Plane Projection Angle (FPPA) [143], figure 5-3B. The angle formed 
between a line drawn between the mid-point of the middle and distal portions of the 
anterior thigh, and a line drawn between the tibial tuberosity and the mid-point of the 
anterior ankle in the frontal plane. A positive angle indicated that the knee was in greater 
valgus. During the functional movement tasks, positive angular displacement indicated 
that at the point of measurement the knee was in a valgus direction relative to the bilateral 
stance reference position. 
▪ Pelvic Sagittal Rotation Angle [215], figure 5-3C. Rotation of the pelvis around the z-
axis, calculated as the angle formed between the horizontal and a line drawn between the 
anterior superior iliac spine and the posterior superior iliac spine in the sagittal plane. A 
positive angle indicated anterior pelvic sagittal rotation. Positive angular displacement 
during the functional tasks indicated that at the point of measurement, the participant had 
rotated the pelvis anteriorly in the sagittal plane relative to the bilateral stance reference 
position. 
▪ Pelvic Frontal Rotation Angle [175], figure 5-3D. Rotation of the pelvis around the x-
axis, calculated as the angle formed between the horizontal and a line drawn between both 
anterior superior iliac spines in the frontal plane. A positive angle indicated that the pelvis 
was rotated in the frontal plane away from the non-stance side (elevated on the non-stance 
side). Positive angular displacement during the functional tasks indicated that at the point 
of measurement the pelvis had further rotated in the frontal plane away from the non-
stance side  (i.e. was further elevated on the non-weight bearing side) relative to the 
bilateral stance reference position. 
▪ Pelvic Transverse Rotation Angle (See Study 2, Chapter 4), Figure 5-3E. Rotation of 
the pelvis around the y-axis. As described in Study 2, angular displacement in the 
transverse plane was calculated from the change in projected linear distance between the 
anterior superior iliac spine (ASIS) and S1 marker, while accounting for concurrent 
movement along and around other axes. However, the correction factors described in 
Study 2 (see Chapter 4) were derived with the model pelvis in an initial position of neutral 
sagittal, frontal, and transverse orientation (i.e. ASIS markers aligned with calibration 
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rods in frontal plane, S1 marker and mid-ASIS point aligned with calibration rods in 
sagittal plane). As this defined neutral position was usually not present in human subjects 
(see Figure 5-3), a virtual neutral position had to be created for each participant so that an 
accurate measure of pelvic transverse rotation angle during the functional tasks could be 
calculated. This was achieved by adjusting the relevant pelvic linear distances (i.e. ASIS 
to S1 marker, inter-ASIS distance) using the correction factors derived in Chapter 4. This 
firstly involved the calculation of the differences in pelvic orientation between the actual, 
and the projected virtual, pelvis position in the bilateral stance reference position. This 
virtual neutral pelvis position then served as the initial position from which to calculate 
pelvic transverse rotation during the functional tasks. This process is further described 
and demonstrated graphically in Figure 5.4.  
▪ Pelvic Kinematic Index (PKI). In addition to the above kinematic variables, a Pelvic 
Kinematic Index (PKI) was calculated, representing a cumulative sum of pelvic motion 
(angular displacement) regardless of direction. This was calculated as 
, where rotation R is the measured angular displacement 
of the pelvis around each axis. Similar measures have been used in order to provide a 
cumulative measure of movement and postural stability of a body segment [229, 230]. 
 
Figure 5-4. Establishment of the virtual neutral pelvis position for calculation of pelvic 
transverse rotation angle. Exemplar participant showing a photographic and corresponding 
schematic representation of bilateral stance position (sagittal (left images) and frontal (right images). 
In this example in the sagittal plane the participants pelvis is posteriorly translated (-60mm) and 
posteriorly rotated in the sagittal plane (-3.8°) from the neutral position, and in the frontal plane the 
participants pelvis is translated to the right (12mm) and rotated to the left in the frontal plane (-0.3°) 
from the neutral position. These differences in orientation of the actual and virtual pelvic position 
were inputted into the correction algorithms to adjust the pelvic linear distances (i.e. ASIS to S1 
-3.8° 
-60mm 
-0.3° 
12mm 
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marker, inter-ASIS distance) to a point that would reflect the virtual neutral pelvis position. 
 
5.3 Testing Procedures and Motion Control Tests 
During a testing session, participants performed a bilateral stance reference position, followed by 
three clinical tests of lumbo-pelvic-hip control, during which kinematic data was collected. For all 
clinical tests of lumbo-pelvic-hip control, a practice trial was performed, before three acceptable 
repetitions were completed, on both lower limbs separately. A 10 second rest period took place 
between each repetition. A metronome (set at 60 beats per minute) was used to standardise verbal 
cueing that guided participants through performance of each test at an appropriate speed 
(instructions are outlined for each test below). For expediency of testing and to minimise the 
inconvenience of repeatedly moving the sagittal camera, order of testing was not randomised and all 
participants followed the same order of testing as described below. However, measures of left and 
right sides was alternated for successive participants to avoid side to side order effects. 
  
(i) Bilateral Stance Reference Position (figure 5.5). Participants stood with feet shoulder 
width apart on either side of the cross marked on the floor. Participants were instructed 
to “stand as still as possible with arms crossed while looking straight ahead”. 
Synchronisation of data: A custom fabricated footswitch was depressed by an 
investigator, activating a light in the field of view of both cameras when the participant 
was in quiet bilateral stance. 
Kinematic Data: Kinematic angles and linear distances were measured at the point of 
light activation. Angles measured during bilateral stance served as the reference position 
against which all other kinematic angles (Figure 5.2) were calculated   during the 
functional tasks. 
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Figure 5-5. Bilateral Stance Reference Position 
 
(i) Single-Leg Stance (Figure 5-6): Participants crossed their arms across their chest, and 
then transitioned from double leg to single leg stance by flexing the non-weight bearing 
knee to ~90º with slight hip flexion. Participants were given the following instruction: 
“Try and keep yourself as straight as possible as you bend your knee and lift your 
opposite foot behind you. Hold for five seconds”.  
Synchronisation of data: A custom fabricated footswitch was placed underneath the 
opposing foot to be lifted (i.e. the non-weight bearing foot), deactivating a light in the 
field of view of both cameras when the participant adopted single-leg stance. 
Kinematic Data: Kinematic angles were measured after two seconds of single-leg stance 
was achieved and expressed as angular displacement in relation to kinematic angles 
measured during the bilateral stance reference position. 
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Figure 5-6. Single-leg Stance 
 
(i) Single-Leg Squat (figure 5-7): In preparation for the single-leg squat, participants first 
performed a bilateral squat to 40º knee flexion (measured with a goniometer) and then 
maintained this position while a wire was set to contact the patella of the tested limb (see 
Synchronisation of data, below). The participant then squatted unilaterally to 40º knee 
flexion as determined by the pre-set wire. Participants were given the following 
instruction: “Try and keep yourself as straight as possible as you bend your knee and lift 
your foot behind you. Slowly bend your weight-bearing knee until it touches the wire, 
hold for two seconds before returning upright”. Participants adopted a single-leg stance 
for a period of 2 seconds, then performed the single-leg squat over a period of two 
seconds, before holding the squat for a further two seconds, and finally returning to 
upright. 
Synchronisation of data: a 2.5cm elastic strap with a metallic covering was secured 
around the knee of the weight bearing leg across the patella, and a wire was set to touch 
the patella of the weight bearing leg when 40º of knee flexion was achieved. This 
activated a light in the field of view of both cameras.  
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Kinematic Data: Kinematic angles were collected when 40º of knee flexion was 
achieved in the weight bearing knee. This was expressed as angular displacement with 
respect to angles obtained during the bilateral stance reference position. 
 
Figure 5-7. Single-leg squat. 
 
(i) Single-Leg Drop (figure 5-8): Participants first adopted single-leg stance with arms 
crossed (as per (ii) above), while standing on a 10cm platform. Once the steady single 
leg stance was achieved, the participant then hopped forward onto the floor (targeting 
the ball of their foot to land on the custom footswitch (see Synchronisation of data, 
below) ~30 cm in front of the step) to land and stabilise on the same lower limb. 
Participants were given the following instruction: “Keeping yourself as steady as 
possible, transition to single-leg stance on the platform, and then hop to the floor in front 
of you, stabilising yourself in this position”.  
Synchronisation of data: A custom fabricated footswitch was placed on the cross 30 cm 
anterior to the platform, activating a light in the field of view of both cameras when the 
participant landed with the tested limb on the footswitch. 
Kinematic Data: Kinematic angles were collected at the point of maximal knee flexion 
(observed in the sagittal plane) during the initial 200 milliseconds after contact, and were 
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expressed as angular displacement relative to the bilateral stance reference position to 
determine change in kinematic angle. This 200 milliseconds duration was chosen as 
preliminary trials indicated that in all tested participants maximum knee flexion angle 
was achieved within this timeframe. 
 
Figure 5-8. Single-leg drop. 
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Chapter 6 is adapted from the following publication 
Window PJ, McGrath M, Hodges PW, Russell T, Grote R, Tucker K O’Leary SP. 
“Agreement between 2D photographic and a gold standard 3D motion capture system in assessing 
pelvis motion in humans during movement tests of the lumbo-pelvic-hip complex” 
In Preparation 
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Chapter 6. Agreement between 2-dimensional photographic 
and a gold standard 3-dimensional motion capture system in 
assessing motion in humans during movement tests of the 
lumbo-pelvic-hip complex of measures of pelvis motion during 
movement tests of the lumbo-pelvic-hip complex.  
 
Chapter 2 illustrated the clinical accessibility of 2D motion capture as a method of quantifying 
body segment orientation and angular displacement. The Systematic Review (Study 1, see Chapter 
3) further demonstrated that quantitative measures of lumbo-pelvic-hip movement control 
demonstrated greater reliability than subjective ratings of performance. However, traditional 2D 
motion capture has been limited by difficulties in measuring rotation of the pelvis around the 
vertical axis. Study 2 (see Chapter 4) addressed this issue and demonstrated the accuracy of 2D 
motion capture in quantifying vertical axis pelvis rotation without the use of an overhead camera. 
This chapter continues to assess the validity of 2D motion capture by comparing the agreement 
between 2D and 3D motion capture systems assessing pelvis motion in human participants during 
movement tests of the lumbo-pelvic-hip complex. 
 
6.1 Introduction 
Movement control tests of the lumbo-pelvic-hip complex are often used to assess a wide range of 
musculoskeletal conditions and clinical populations [16, 168, 169, 188, 231]. Performance during 
these tests may be assessed via subjective rating [96, 97, 161, 182], but quantitative measures using 
motion analysis systems are more reliable [118, 119, 162]. The use of quantitative kinematic 
analysis of performance is advantageous. Three-dimensional (3D) kinematic analysis of test 
performance is the ‘gold standard’ [100] but is not available in most clinical settings because of cost 
and space constraints. Two-dimensional (2D) motion capture using cameras is often used [119, 175, 
187], but the accuracy of 2D methods, has not been comprehensively examined.  
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The accuracy of 2D motion capture during functional movement tasks has only been assessed for 
frontal plane movement of the trunk [232], hip [125] and knee [100] by comparison with 3D 
methods. Although 2D methods have been used to assess pelvic rotation in the sagittal [233] and 
frontal [174] planes, its accuracy against 3D measurements has not been assessed. Furthermore, 
measurement of pelvic transverse rotation using 2D methods is challenging because this 
conventionally involves an overhead camera, and the trunk often obscures the pelvic landmarks. 
Studies in chronic low back pain [9, 10, 126] suggest that measurement of pelvic transverse rotation 
appears to be informative from a diagnostic perspective. We recently developed a method of to 
evaluate pelvic transverse rotation using a 2D method without the use of an overhead camera 
(Chapter 4). Although this new method was shown to accurately assess transverse rotation of a 
plastic pelvis model when references to 3D motion capture, its accuracy has not been assessed on 
human subjects during functional movements.    
The primary aim of this study was to assess the agreement between the new 2D method and a 3D 
method to measure pelvic transverse rotation in vivo. Accuracy of the 2D method was evaluated 
during movement control tests (single-leg stance, single-leg squat, single-leg land) of the lumbo-
pelvic-hip complex in individuals with chronic low back pain and healthy controls. It was 
hypothesized that the 2D and 3D methods would demonstrate good agreement. A second aim was to 
assess the test-retest reliability of measures made with both methods during movement control tests 
of the lumbo-pelvic-hip complex. It was hypothesized that measures of pelvic motion using both 
motion capture methods would demonstrate moderate to excellent reliability. 
 
6.2 Methods 
6.2.1 Participants 
Participants included five individuals with chronic low back pain (average age 45yrs ± 6 yrs, 3 
males) and five healthy individuals (average age 31 ± 6 yrs, 3 males). Participants were recruited 
from advertisements placed in the Metro North Hospital and Health Service, Brisbane Australia. 
Individuals were included in the low back pain group if they were aged 18-65, had low back pain of 
at least three months duration, and had a minimum pain severity of 3 on an 11-point visual analogue 
scale, anchored with no pain at 0 and worst pain imaginable at 10. Participants were excluded if 
they had a history of significant knee or hip injury, imaging findings indicating specific pathology 
(e.g. spondylolisthesis, fracture) or neurological signs. Healthy participants had no history of low 
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back pain or lower extremity injury that had limited function or caused them to seek care. 
Individuals with chronic low back pain were included in this study as it was anticipated that they 
would have greater variation of measures of pelvic motion both within and between subjects during 
these tests. All participants provided informed consent and the study was approved by the 
institutional Human Research Ethics Committee (HREC12/QGC/16). 
6.2.2 Motion Capture Systems 
6.2.2.1 Two-Dimensional Motion Capture 
Two digital SLR cameras (Canon 600D, Tokyo Japan) were placed in the frontal (front view) and 
sagittal (side view) planes, at a distance of 3m from a cross marked on the floor, and at a height 
corresponding to that of the anterior superior iliac spines (ASIS) of the participant. The sagittal 
plane camera was placed on the weight bearing side for unilateral tests. Both cameras housed a 
standard 18-55mm lens, set at 18mm focal length, and recorded HD (720p) video footage at 50fps. 
Vertical rods (800mm) were positioned in the frontal (aligned with the ASISs) and sagittal (aligned 
with midpoint of the ASISs) planes. The rods were positioned vertically using a spirit level, and 
these were used to provide a vertical reference point for measurement of sagittal pelvic rotation 
(rotation around medial-lateral axis) and frontal pelvic rotation (rotation around anterior-posterior 
axis). The rods also served as calibration points to determine projected distances between pelvic 
landmarks, and translation along the anterior-posterior or medial-lateral axes. 
6.2.2.2 Three-Dimensional Motion Capture 
A 10-camera 3D motion capture system (Vicon Motion Systems, Nexus Software v1.8, Oxford, 
UK), using the Plug-in-Gait biomechanical model concentrating on the pelvis and lower limbs, 
recorded kinematic data at 100 Hz. Spherical reflective markers (diameter: 9 mm) were placed on 
anatomical landmarks of the pelvis and lower limb, corresponding to the biomechanical model. A 
marker (diameter: 25 mm) was placed over the spinous process of S1 to enable quantification of 
anterior-posterior translation and pelvic rotation using the 2D camera system. 
6.2.2.3 Data Synchronisation 
A Custom footswitch which activated a light in the field of view of both 2D cameras was placed on 
the force plate of the 3D motion analysis system, and was depressed by an investigator once both 
motion systems were capturing data in order to synchronise 2D video to the 3D kinematic data. The 
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footswitch was calibrated to activate the light with a force of 24.5N, and this served as a threshold 
for the vertical force component of the force plate recorded with the Vicon system. The point of 
light activation in the 2D video sequences could then be synchronised with the corresponding time-
position data of the Vicon system registered by the force plate.  
6.2.3 Measurements 
For the 2D measurements video footage was analysed using VirtualDub v1.10.4 software which 
enabled selection of the appropriate frames for analysis. Extracted images were analysed using 
movement analysis tools from the eHAB Telerehabilitation system (NeoRehab, Brisbane Australia), 
in order to determine angles and translations. The Vicon 3D time-position data was filtered 
(Butterworth 4th order, cut off frequency 6Hz) and angular data of the pelvis (processed using the 
Plug in Gait Biomechanical model) was extracted in Excel using the relevant time points from the 
2D data. 
The pelvic anatomical coordinate system was based on the recommendations of the International 
Society of Biomechanics [217]. The z-axis corresponded to a line directed through both the Right 
and Left Anterior Superior Iliac Spines (RASIS and LASIS) and pointing to the right, the x-axis 
pointed orthogonally and anteriorly to the z-axis, and the y-axis pointed cranially and perpendicular 
to both the x-axis and z-axis [218]. 
Pelvic rotation angles around the each axis were obtained from the static video images, and 
expressed as angular displacement with respect to measures made during the static bilateral stance 
task. Full details of marker placement are described in Chapter 5 and are summarised below: 
i) Pelvic sagittal rotation: an angle drawn from a horizontal reference line and a line drawn 
between the anterior and posterior superior iliac spines, such that a positive value indicated 
anterior pelvic sagittal rotation [234].  
ii) Pelvic frontal rotation: an angle drawn from a horizontal reference line and a line drawn 
between both anterior superior iliac spines in the frontal plane, such that a negative value 
indicated pelvic frontal rotation towards the non-weight bearing side [174].  
iii) Pelvic transverse rotation: measured using our previously described method (Chapters 4-5). 
Video frames were calibrated for distance using the known distance between vertical rods in 
the frontal and sagittal planes. Measurements taken during the static bilateral stance 
reference position were then applied to the linear regression equation (Chapter 4) in order to 
estimate the actual linear distance between the S1 and ASIS marker if the pelvis were in a 
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position of neutral pelvic sagittal and frontal rotation, and aligned with no translation in the 
frontal and sagittal planes relative to the calibration markers (i.e. a virtual reference 
position). Measurements taken during the functional tasks were then compared to those of 
the virtual reference position. Pelvic transverse rotation during the functional tasks would 
lead to an increase/decrease in the projected distance between S1 and ASIS markers, and this 
change in projected distance served as a basis for quantification of transverse pelvic rotation. 
In addition, rotation was corrected for change in frontal and sagittal pelvic rotation, and 
translation along the sagittal and frontal axes as described in Chapter 4. 
iv) Pelvic Kinematic Index. In addition to individual measures of pelvis movement, a combined 
sum of pelvic rotation in all planes (calculated as ) was 
calculated, where R is the rotation around the relevant axis at the time point of interest. 
Similar combined rotation angles have been used in order to serve as a measure of 
movement and postural stability of the body segment [229, 230]. 
While the functional tasks (described below) assess movement of the entire lumbo-pelvic-hip 
complex, for the purposes of this study only measures of pelvis motion were assessed. Assessment 
of the agreement between systems of other measures such as the lumbar lordosis and frontal knee 
projection angle measures would be informative, however they were not evaluated as the Vicon 3D 
Plug in Gait Biomechanical model was utilised which does not incorporate these measures. 
Additionally, other studies have investigated the agreement of knee frontal plane projection angle 
with 3D measured motion [100, 235]. 
6.2.4 Procedures and experimental movement control tests 
Data were collected over one session at the Royal Brisbane and Women’s Hospital. Participants 
wore clothing that permitted visualisation of the lumbar spine, anterior (ASIS) and posterior (PSIS) 
superior iliac spines, and the anterior thigh and leg. Spherical reflective markers of 14mm diameter 
were placed on anatomical landmarks to enable later digitization and calculation of the kinematic 
angles.  
With the spherical markers in place, 2D video and 3D data was collected as participants underwent 
functional movement tasks of the lower quadrant (Figure 6-1).  
i) Double legged stance. Participants stood on the cross with their feet shoulder width apart 
and their arms across their chest. This position served as a reference position in order to 
determine change in pelvis rotation during other functional movement tasks. 
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ii) Single-legged stance. Participants commenced in double legged stance as described above 
before transitioning to one leg with their arms across their chest for 5 seconds. A light was 
activated by an investigator via a footswitch during the 2nd second of single-leg stance. The 
relevant images from the video files and corresponding time-relevant data points from the 
3D data was subsequently extracted. 
iii) Single-legged squat. Participants transitioned to a single-leg stance (as described above), 
before squatting to 40° of knee flexion. A steel cable was pre-positioned to touch the knee at 
40° of knee flexion which activated a light in the field of view of both cameras. Images from 
the video files and the corresponding time-relevant data points from the 3D data were 
extracted at the time point of the light activating. 
iv) Single-leg drop. Participants stood on a 10cm high platform with its edge 30cm behind the 
centre-point of the cross. Participants transitioned to single-leg stance and hopping onto the 
floor to land on the cross with the same leg. A footswitch located in the landing zone 
activated a light in field of view of both cameras at the point of ground contact. Images from 
the video files and corresponding 3D time-relevant data points were extracted at the point of 
maximal knee flexion during the first 0.2 seconds of landing. 
Participants repeated the task until they had completed three acceptable trials on each limb. 
 Figure 6-1. Movement Control tests of the lumbo-pelvic-hip complex. From L-R: Bilateral 
stance, single-leg stance, single-leg squat, single-leg drop. 
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6.2.4 Data Management and Statistical Analysis 
While the sample included participants with chronic low back pain and healthy controls, data for 
these groups were not analysed separately. Paired t-tests were used to assess for systematic 
differences between motion capture systems for the second trial of each task. To assess the absolute 
agreement between measures of pelvis motion using the both motion capture systems, the second 
trial of each task was selected for assessment assessed using ICC (3, 1) and the average Root Mean 
Square Error (RMSE). Bland-Altman limits of agreement statistics were also constructed for each 
variable during each task in order to provide an indication of the individual variation between 
participants. 
The within-session reliability of pelvis motion measurements over three trials made from 2D and 
3D motion capture was assessed using Intraclass Correlation Coefficients (ICC (3, 1)) across all 
tasks. ICC values <0.40 were considered poor, 0.4-0.74 moderate, and >0.75 excellent [156]. SPSS 
v24.00 was used for analysis. 
 
6.3 Results 
6.3.1 Participant Characteristics 
A summary of participant characteristics are presented in Table 6-1. The total sample included 6 
males, had an average age of 38.4 years and a BMI of 25.6. All participants were right footed 
(defined as foot used to kick a ball).  
Table 6-1. Participant Demographics. Data presented as Mean (SD). 
Participants Sample size Age (yrs) Height (m) Weight (kg) BMI (kg/m2) 
Lower Limb 
Dominance 
Pain intensity 
(VAS) 
Controls 5 (m=3) 31.5 (5.7) 1.76 (0.1) 78.4 (20.9) 25.2 (5.2) R 100% 0 (0) 
LBP 5 (m=3) 45.3 (6.3) 1.8 (0.1) 84.0 (18.1) 26.0 (5.7) R 100% 3.8 (0.9) 
Total Sample 10 (m=6) 38.4 (9.2) 1.78 (0.1) 81.2 (18.7) 25.6 (5.2) R 100% NA 
6.3.2 Validity of 2D measures 
Data for both groups were collapsed in order to provide a total sample (10 participants). All Bland-
Altman plots for individual tasks and measures of pelvic motion are included in the thesis as 
Appendix 3. Selected Bland-Altman plots are shown in Figure 6-2 and represent the measures of 
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pelvic rotation (sagittal, frontal and transverse, combined pelvic kinematic index) with the lowest 
and highest Limits of Agreement. Across all tasks and pelvic motion measurements, limits of 
agreement ranged from -6.2° to +5.2°. A total of 9 outliers (3.5%) had values outside the 95% limits 
of agreement. Lowest limits of agreement for all measures of pelvic motion were found during right 
single-leg stance (95% limits of agreement: Pelvic sagittal rotation -3.2° to 0.1°, Pelvic frontal 
rotation -1.3° to 1.5°, pelvic transverse rotation -2.6° to 2.3°, Pelvic Kinematic Index -1.6° to 2.6° ). 
Highest limits of agreement for pelvic sagittal rotation were found during left single-leg squat (-5.7° 
to 5.2°). Highest limits of agreement for pelvic frontal rotation were found during right single-leg 
drop (-5.4° to 2.1°) while pelvic transverse rotation showed highest limits of agreement during right 
single-leg squat (-6.2° to 2.4°). Highest limits of agreement for the pelvic kinematic index were 
found during right single-leg squat (-1.6° to 5.8°). 
Agreement between the 2D and 3D methods for measures of pelvic motion during the second trial 
of each task is presented in Table 6-2. 2D measurements of Pelvic sagittal rotation showed 
moderate agreement during bilateral stance (ICC .71) and excellent agreement with 3D 
measurements during all three movement control tests (ICC .77 to .96).  
 
Right Single-Leg Stance Pelvic Sagittal Rotation Left Single-Leg Squat Pelvic Sagittal Rotation 
  
Right Single-Leg Stance Pelvic Frontal Rotation Right Single-Leg Drop Pelvic Frontal Rotation 
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Right Single-Leg Stance Pelvic Transverse Rotation Right Single-Leg Squat Pelvic Transverse Rotation 
  
Right Single-Leg Stance Pelvic Kinematic Index Right Single-Leg Squat Pelvic Kinematic Index 
  
Figure 6-2 Bland-Altman plots of difference for each measure of pelvis motion. Plots include 
tasks demonstrating lowest (left column) and highest (right column) limits of agreement for 
each measure across all tasks. Dark grey lines represent mean difference. Light grey lines 
represent 95% Limits of Agreement. Black squares represent individual difference. 
All other measures of pelvic motion demonstrated excellent agreement across all tasks: Pelvic 
frontal rotation (ICC .81 to .96), pelvic transverse rotation (ICC .81 to .95) and pelvic kinematic 
index (ICC .79 to .94).  
Paired T-tests demonstrated significant systematic differences between 2D and 3D motion capture 
systems in 8 (31%) of the 26 measures. With the exception of pelvic transverse rotation during right 
single-leg squat (3D measurements higher, p=0.02) all other significant differences indicated that 
2D measurements were of greater amplitude than measurements made with the 3D motion capture 
system. 
Average Root Mean Square Error (RMSE) is presented in Table 6-2 and Figure 6-3. RMSE values 
ranged from 0.8° (Pelvic Frontal Rotation Bilateral Stance) to 3.0° (Pelvic Transverse Rotation 
Right single-leg squat). Average Root Mean Square Error of all measures of pelvic motion across 
each task was 1.1° for bilateral stance, 1.5° for single-leg stance, 2.1° for single-leg squat, and 2.1° 
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for single-leg land. Average RMSE values across all four tasks for pelvic Sagittal Rotation 
measurements was 1.9°, 1.6° for pelvic Frontal Rotation, 2.0° for pelvic Transverse Rotation, and 
2.0° for pelvic kinematic Index. 
  
Table 6-2. Absolute agreement between 2D and 3D measured pelvic motion. The 
second trial of each task was assessed. 
 2D measures compared to 3D measures 
ICC (3,1)  
Absolute Agreement 
(95% CI) 
RMSE° (SD) Systematic Difference 
P Value 
Bilateral Stance 
Pelvic Sagittal rotation  .71 (.22-.92) 1.5°(1.0) 0.13 
Pelvic Frontal Rotation  .92 (.72-.98) 0.8°(0.7) 0.14 
Pelvic Transverse 
Rotation 
 N/A N/A N/A 
Pelvic Kinematic Index  N/A N/A N/A 
Single-leg Stance 
Pelvic Sagittal Rotation Left .77 (.28-.94)  1.7° (0.7) 0.06 
Right .87 (-.03-.98) 1.9° (0.9) 0.0003* 
Pelvic Frontal Rotation Left .87 (.58-.97) 1.7° (0.9) 0.32 
Right .96 (.85-.99) 1.0° (0.4) 0.71 
Pelvic Transverse 
Rotation 
Left .91 (.68-.98) 1.9° (1.0) 0.55 
Right .93 (.73-.98) 1.2° (0.5) 066 
Pelvic Kinematic Index Left .90 (.66-.97) 1.6° (0.9) 0.62 
Right .93 (.76-.98) 1.1° (0.8) 0.18 
Single-Leg Squat 
Pelvic Sagittal Rotation Left .84 (.48-.96) 2.4° (1.2) 0.79 
Right .91 (.40-.98) 1.9° (1.6) 0.01* 
Pelvic Frontal Rotation Left .89 (.51-.97) 1.8° (1.5) 0.04* 
Right .91 (.55-.98) 1.5° (0.9) 0.03* 
Pelvic Transverse 
Rotation 
Left .95 (.82-.99) 1.5° (0.9) 0.59 
Right .87 (.37-.97)  3.0° (1.6) 0.02* 
Pelvic Kinematic Index Left .79 (.38-.94) 2.1° (1.1) 0.36 
Right .89 (.29-.98) 2.6° (1.8) 0.008* 
Single-Leg Drop 
Pelvic Sagittal Rotation Left .96 (.84-.99)  1.7° (1.1) 0.28 
Right .83 (.24-.96)  2.2° (1.3) 0.02* 
Pelvic Frontal Rotation Left .81 (.38-.95) 1.8° (1.0) 0.64 
Right .83 (.28-.96 2.3° (1.3) 0.02* 
Pelvic Transverse 
Rotation 
Left .81 (.40-.95) 2.6° (0.9) 0.49 
Right .91 (.64-.98) 
 
2.0° (1.5) 
 
0.08 
Pelvic Kinematic Index Left .89 (.55-.97) 2.1° (0.7) 0.05 
Right .94 (.77-.98) 2.0° (1.2) 0.90 
* P<0.05     
6.3.3 Within-Session Reliability of Performance 
Within-session reliability of both 2D and 3D measurements of pelvic motion for each movement 
control test are presented in Table 6-3. Both pelvic sagittal rotation and pelvic frontal rotation 
demonstrated excellent reliability during bilateral stance for 2D (ICC .97 to .99) and 3D (ICCs 
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>.99) methods. Pelvic measurements for single-leg stance showed moderate to excellent reliability 
for 2D (ICC .68 to .96) and 3D (.69 to .98) systems. Pelvic measurements made during the single-
leg squat ranged from moderate to excellent for 2D (ICC .74 to .96) and 3D (ICC .73 to .94) 
systems, whereas measurements taken during the single-leg land ranged from poor to excellent 
(ICC .25 to .88) for 2D and poor to excellent (ICC .210 to .90) for 3D derived measurements. 
 
 Figure 6-3 Average Root Mean Square Error (RMSE) for each measure of pelvis motion across all 
tasks. Error bars represent standard deviation. SLS= single-leg stance; SLSq= single-leg squat; 
SLL= single-leg drop. 
6.3.4 Pelvic Motion during Movement Control Tests 
Average pelvic Sagittal Rotation and Frontal Rotation during bilateral stance, and average angular 
displacement of pelvic motion measurements (pelvic Sagittal Rotation, Frontal Rotation, Transverse 
Rotation and pelvic kinematic index) with respect to the bilateral stance position for both 2D and 
3D methods are presented in figure 6-4. Measured pelvic Sagittal Rotation, Transverse Rotation and 
pelvic kinematic index values for both 2D and 3D methods tended to be higher for single-leg squat 
and single-leg land tasks. Measured pelvic Frontal Rotation values tended to be highest during 
single-leg stance. 
 
Table 6-3. Test-retest reliability of 2D and 3D motion capture systems across three trials. 
 Intrasession ICC (3, 1) (95% CI) 
2D 3D 
Bilateral Stance 
Pelvic Sagittal Rotation  .99 (.96-.10) >.99 (.99-1.0) 
Pelvic Frontal Rotation  .97 (.91-.99) 
 
>.99 (1.0-1.0) 
 Pelvic Transverse Rotation  N/A N/A 
Pelvic Kinematic Index  N/A N/A 
Single-leg Stance 
Pelvic Sagittal Rotation Left .93 (.82-.98) 
 
.96 (.89-.99) 
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Right 96 (.90-.99) .98 (.95-1.0) 
 Pelvic Frontal Rotation Left .89 (.72-.97) 
 
.94 (.83-.98) 
 Right .76 (.47-.93) 
 
.79 (.51-.94) 
 Pelvic Transverse Rotation Left .86 (.65-.96) 
 
.78 (.50-.93) 
 Right .90 (.75-.97) 
 
.92 (.78-.98) 
 Pelvic Kinematic Index Left .68 (.32-.91) 
 
.69 (.32-.91) 
 Right .78 (.51-.94) .76 (.47-.93) 
Single-Leg Squat 
Pelvic Sagittal Rotation Left .89 (.72-.97) 
 
.93 (.81-.98) 
 Right .92 (.79-.98) 
 
.92 (.79-.98) 
 Pelvic Frontal Rotation Left .93 (.80-.98) 
 
.84 (.62-.96) 
 Right .74 (.42-.92) .73 (.41-.92) 
 Pelvic Transverse Rotation Left .87 (.67-.96) .87 (.67-.96) 
 Right .95 (.85-.99) 
 
.91 (.76-.97) 
 Pelvic Kinematic Index Left 77 (.47-.93) .80 (.54-.94) 
 Right .96 (.90-.99) .94 (.84-.98) 
Single-Leg Drop 
Pelvic Sagittal Rotation Left .88 (.70-.97) 
 
(.32-.90) 
Right .85 (.64-.96) 
 
.90 (.73-.97) 
 Pelvic Frontal Rotation Left .70 (.37-.91) .52 (.13-.83) 
Right .60 (.23-.87) 
 
.71 (.39-.91) 
 Pelvic Transverse Rotation Left .25 (-.12-.68) 
 
.21 (-.15-.65) 
 Right .58 (.19-.85) 
 
.65 (.29-.89) 
Pelvic Kinematic Index Left .49 (.10-.82) 
 
.52 (.13-.83) 
 Right .67 (.32-.89) .69 (.35-.90) 
6.4 Discussion 
Aberrant movement control of the pelvis and hip is considered as a factor in lower extremity 
injuries [201, 236, 237] and chronic low back pain [9, 10, 51, 238]. Given that 2D methods such as 
analysis of images generated on smart phones are increasingly being used in clinical settings to 
measure body segment angles [114, 239], their reliability and validity in the measurement of pelvic 
motion require assessment. This is the first study to assess the accuracy of 2D video analysis 
measurements of the pelvis against a gold standard 3D motion measurement method during 
functional movement control tests of the lumbo-pelvic-hip complex. The findings showed moderate 
to excellent agreement between the 2D and 3D methods with low RMSE for each measurement 
across all three tasks (average 1.8°, range 0.8° to 3.0°) and 95% limits of agreement that were at 
worst within 6.2° of the gold standard 3D motion capture. Given that changes in pelvic kinematics 
during a single-leg step down following a four week neuromuscular control intervention ranged 
from 2.1° (contralateral pelvic drop) to 9.4° (anterior pelvic tilt) [240], the findings suggest that 2D 
methods may be a suitable alternative to 3D methods for motion capture in clinical settings, 
although capturing a change of 2.1° of pelvis frontal rotation would be difficult for the 2D 
technique. It should also be acknowledged that findings are specific to the 2D method used in this 
study and that other 2D methods would require assessment.    
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Figure 6-4 Average pelvis measures across tasks for both 2D and 3D methods. 
Measurements in bilateral stance indicate the measured orientation of the pelvis. 
Measurements across other tasks indicate angular displacement with respect to bilateral 
stance. SLS= single-leg stance; SLSq= single-leg squat; SLL= single-leg land. Positive value 
for pelvic sagittal rotation (tilt) indicates anterior sagittal rotation. Positive value for pelvic 
frontal rotation (obliquity) indicates elevation on left (bilateral stance) or non-stance side. 
Positive value for pelvic transverse rotation indicates anterior movement of non-stance side. 
Pelvic Kinematic Index = combined sum of angular displacement of pelvis regardless of 
direction. 
Other studies have investigated the utility of alternative measurement methods to quantify pelvis 
kinematics during functional movements, such as wireless inertial sensors during gait, sit-to-stand 
and step-up movements [241-243] and depth sensing cameras (Microsoft Kinect V2) during gait 
[244]. The key benefits of 2D video analysis over these other methods are the availability in clinical 
practice, substantially lower cost and ease of use. An additional benefit is that video analysis 
enables aberrant performance to be immediately and relatively easily addressed in the clinic through 
the use of visual feedback, which may be more intuitive for patients than some other measures and 
may improve the effect of task performance retraining [245, 246]. 
All three movement control tasks demonstrated relatively small changes in average angular 
displacement of pelvis measurements from standing alignment. Angular displacement of pelvic 
frontal rotation ranged from 1.2° to 4.9°, pelvic transverse rotation ranged from -2.0° to -7.1°, while 
pelvic sagittal rotation measurements were ranged from 0.7° to 7.4°. The pelvic kinematic index (a 
measure of the total sum of angular displacement across all three planes regardless of direction) 
ranged from 5.6° to 11.6°. Measured pelvis frontal rotation angles were similar to those measured in 
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other studies for single-leg stance [174, 247] and single-leg squat [222, 248], while pelvic 
transverse rotation values were similar to other studies examining single-leg squat performance 
[222, 248, 249]. Pelvic sagittal rotation values from this study demonstrated larger amplitudes 
during single-leg squat to two studies [248, 249] but smaller values compared to another [222]. 
Single-leg stance is frequently used as an assessment of frontal plane control of the pelvis [180] and 
greatest pelvic frontal rotation was seen during this task. The single-leg squat and single-leg land 
tasks require control primarily in the sagittal plane while frontal and transverse plane movements of 
the pelvis are accessory movements during these tasks. This was reflected in greater pelvic tilt 
angles during single-leg squat and single-leg land. 
Moderate to excellent within-session reliability was demonstrated for most pelvic measurements for 
both 2D and 3D methods, with the exception of some measurements made during single-leg land. 
The moderate to excellent agreement between the 2D and 3D methods across all three tasks 
including single-leg land with low RMSE suggests that this poor within-session reliability found for 
some single-leg land measures may be due to variability in individual performance across the three 
trials, rather than error generated by the 2D or 3D measurement systems. Greater complexity of task 
performance may impact on measurement reliability [250]. As the single-leg land is a more 
complex dynamic task (e.g. differences in task demands between repetitions such as balance 
demands caused by slight changes in centre of mass position, different foot contact, etc.), it is likely 
that individuals will use a less consistent movement pattern. Low levels of within-session reliability 
for pelvis frontal and transverse rotation have also been reported between single-leg small knee 
bends and a drop vertical jump task in a young athletic population [251]. One study demonstrated 
no differences in within-session reliability of more distal joints when single-leg squat and single-leg 
landing performances were compared [183]. Another study showed excellent within-session 
reliability of hip and knee kinematics during a vertical drop jump [252]. This is perhaps reflective 
of the larger movements that occur at these distal joints, particularly in the sagittal plane which is 
the primary plane of movement for the single-leg squat and single-leg land tasks. 
6.4.1 Clinical Implications 
Clinicians need to be aware that the validity and reliability reported for the 2D method used in this 
study to quantify pelvic rotation are specific to the settings (i.e. distance from camera, focal length) 
as described in this study (Chapter 4). The method is based on measuring change in projected linear 
distance in the sagittal plane with correction for factors associated with movement in other planes. 
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The use of different settings may affect the efficacy of these correction factors and should therefore 
be avoided. 
The results of this study showed that within-session reliability of body segment angles of the pelvis 
is generally moderate to excellent, however some directions of motion had poor reliability during 
the single-leg land task. Clinicians need to be mindful that individual performance during more 
complex dynamic tasks may vary even within session, and therefore repeated performance may be 
necessary to establish an individual’s most consistent movement pattern, particularly if the task is 
unfamiliar. Similarly, error between measurement systems tended to be higher during the single-leg 
land task. Faster, more dynamic tasks are likely to increase the potential for errors in measurement 
due to the inherent limitations of the 2D motion capture system (e.g. lower frame rate). 
6.4.2 Limitations 
There are some limitations to this study. The study used a relatively low sample size (n=10). While 
we considered this adequate to assess the primary study question regarding agreement between the 
two methods of motion capture estimates of agreement between these two measures, potentially a 
larger sample size may have altered findings. While altered pelvic movement patterns in 
participants with chronic low back pain [8, 51, 126] may have increased the variability in 
measurement performance both within and between participants, their inclusion in this study 
strengthens the generalisabilty of findings as the measures are most likely to be used in clinical 
populations.  
This study only assessed movement of the pelvis. As the tasks used in this study assess the 
movement control of the lumbo-pelvic-hip complex, ideally assessment would have included body 
segments adjacent to the pelvis (e.g. lumbar lordosis, frontal plane knee movement). However this 
was beyond the scope of this study as the 3D motion capture system utilised the plug-in gait model 
which does not include markers to assess inter-segmental movement of the lumbar spine. Marker 
placement for the lower limb is also different to those commonly used in 2D methods to assess 
frontal plane knee movement [143]. However agreement of 2D measured frontal plane knee 
movement with 3D motion capture has been assessed in previous studies [100, 187]. 
Finally, this study was limited to an assessment of within-session reliability of 2D and 3D 
measurements. Future studies should assess the between-day test-retest reliability of pelvis body 
segment angles to fully inform clinicians of the utility of these measurements. This is addressed in 
the following Chapter 7. 
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6.5 Conclusion 
Two-dimensional methods of measuring pelvic motion during single-limb movement control tasks 
demonstrate moderate to excellent agreement to 3D measurements with corresponding small levels 
of error. Increased variability of performance in more complex movement tasks such as the single-
leg land may reduce reliability of measurements for both methods, and further studies assessing the 
between-day reliability of these performance measures are required.  
 
6.7 Implications of Study 3 for the thesis 
This study has shown that the 2D motion capture method that has been refined in this thesis is an 
accurate measure of pelvic motion when compared to the state of the art gold standard 3D method. 
This 2D method is therefore appropriate to utilize to in clinical studies. In the following final study 
of this thesis (Study 4 (Chapter 7)) the clinical utility of this 2D method is examined by evaluating 
its capacity to detect differences in lumbo-pelvic-hip motion between individuals with and without 
CLBP, by examining its between session reliability, and establishing the relevance of the kinematic 
measures derived from the method to other clinically relevant parameters of CLBP (self-reported 
measures of pain, disability, fear of movement).   
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Chapter 7. Can a method of 2D videographic motion reliably 
detect differences in lumbo-pelvic-hip complex motion in those 
with and without chronic low back pain? 
 
In Chapters 2 and 3 it was evident that quantifiable measures of motion capture of the lumbo-
pelvic-hip complex may have advantages over the more traditional clinician rated measures of 
performance. However, it was also evident that the gold standard 3D quantified measures may not 
be accessible for most clinical settings, and instead 2D methods were undergoing increased use in 
practice, but without adequate evaluation of their validity and reliability. In Chapters 4-6 a 
methodological issue associated with 2D measurement of transverse pelvic rotation was addressed, 
and it was shown that the accuracy of these 2D measures were comparable to 3D measures. In this 
final Chapter the clinical utility of the 2D videographic motion measurement method studied in this 
thesis is evaluated. This was undertaken by determining its capacity to quantify differences in 
lumbo-pelvic-hip complex motion in those with and without chronic low back pain, which included 
exploration of the relationship of the kinematic measures with other clinical parameters, as well as 
calculation and consideration of between-session measurement error. 
 
7.1 Introduction 
Chronic Low Back Pain (CLBP) is a significant health issue, both in Australia and worldwide [25, 
26]. It represents the greatest single contributor to disability internationally [26] and the primary 
reason that individuals consult with musculoskeletal health care providers [44]. There is evidence 
that aberrant motion of the pelvis during functional activities such as walking and running [8, 9, 11, 
79], sit-to-stand [12, 83] and forward bending [84] is a feature of CLBP. Movement control tests of 
the lumbo-pelvic-hip complex that attempt to replicate components of functional activities are 
routinely performed in the clinical evaluation of patients with CLBP to identify aberrant motion 
control.  In the clinical setting measurement of motion control (or aberrant motion control) during 
these tests is typically dependent on clinician ratings of performance. However, while clinician 
rating may be a convenient method of evaluation, the systematic review in Chapter 3 demonstrated 
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that quantitative measures of performance are advantageous as they have better reliability 
parameters than the subjective clinician ratings of performance  
Previous studies have used quantitative methods to demonstrate aberrant pelvic movement during 
movement control tests of the lumbo-pelvic-hip complex in individuals with CLBP [126, 229, 253]. 
However most of these studies have relied on 3D methods. As discussed in Chapter 2 these 3D 
measures which are recognised as the gold standard for quantified kinematic analysis [100], are 
complex to use, costly and generally not accessible or suitable for routine clinical use.  As a result, 
less costly and more accessible 2D methods of motion analysis are often employed in clinical 
settings [119, 175], despite uncertainty regarding their validity and reliability. Addressing elements 
of uncertainty regarding the validity and reliability of 2D methods has been the overall aim of this 
thesis which is continued in a clinical population in this chapter.   
There are other issues to consider when evaluating the utility of lumbo-pelvic-hip motion capture 
measurement methods in clinical populations. Research into movement control in individuals with 
CLBP may be further limited by the heterogeneity of the population group. The need for 
considering distinct sub-groups within CLBP based on patterns of movement, location of pain, or 
other characteristics, has been acknowledged [254, 255]. One sub-group of the CLBP population 
often considered is individuals with unilaterality of symptoms. Individuals with unilateral 
symptoms have demonstrated differences in muscle morphology which may be specific to the 
symptomatic side [70, 256, 257], and motor behaviour may also differ between individuals with 
bilateral or unilateral symptoms [258]. Potentially individuals with unilateral symptoms present a 
more homogeneous population whereby more consistent patterns of aberrant movement may be 
observed, particularly during unilateral movement tasks.  
A further element warranting consideration with regards to the clinical utility of a measure for use 
in practice is its relationship with other aspects of the clinical presentation. While differences in 
measurements may be identified between clinical and healthy populations, knowledge concerning 
the strength and direction of the relationship between a measure and other clinically relevant 
parameters of a condition (e.g. pain severity, disability level) further informs the utility of a measure 
for use in practice. Historically, objective measurements of physical function in individuals with 
CLBP (e.g. range of motion, muscle strength) have demonstrated poor correlation with self-reported 
levels of disability [259]. The identification of more specific kinematic parameters demonstrating 
association with patient-reported measures may provide valuable insight for the assessment and 
management of individuals with CLBP. 
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Another property of a measurement method to consider is the measurement reliability. In order to 
establish the clinical utility of 2D quantitative methods, the reliability of measurements during 
specified tests such as movement control tests of the lumbo-pelvic-hip complex, must be established 
[260]. In particular, assessment of between-day reliability informs clinicians as to the expected 
variation in performance measurement and thus, the subsequent magnitude of measurement 
difference required between measurement sessions to be considered a true change in performance. 
This variation includes error based both on the measurement method and procedure, as well as 
variation in the participant’s performance of the movement control test between sessions. Between-
day reliability of 2D measurements during movement tasks has been considered for measurements 
such as frontal plane knee motion [147, 187], and for static postural assessment of the lumbar spine 
and sagittal pelvic rotation [261]. However to date, the reliability of 2D measurements of the pelvic 
rotation (sagittal, frontal, transverse) and lumbar spine motion (sagittal motion) during movement 
control tests of the lumbo-pelvic-hip complex have not been established. It is important that the 
inter-session reliability and associated minimal detectable change (MDC) of 2D measurements 
during these movement control tests of the lumbo-pelvic-hip complex be further investigated as 
they are used in a number of conditions such as patellofemoral pain syndrome, femoroacetabular 
impingement, in addition to CLBP [2, 5, 16]. 
The purpose of this study was to determine the utility of the 2D videographic motion capture 
systems studied in this thesis as a meaningful measurement tool for assessment of clinical CLBP 
patients. The study had four aims. First, the capacity of the method to detect differences in lumbo-
pelvic-hip complex motion between individuals with and without CLBP was evaluated during 
weight bearing movement control tests (single-leg stand, single-leg squat, single-leg land). Second, 
the study investigated whether more consistent differences between control and LBP groups would 
be observed for a subgroup of LBP patients with unilateral symptoms who were expected to display 
greater asymmetry of pelvic control. The third aim of this study was to determine the strength and 
direction of the relationship between the kinematic variables measured with the 2D method and the 
self-reported measures of pain, disability or fear of movement in the CLBP group. It was 
hypothesised that greater amplitudes of motion observed in some kinematic measures would be 
associated with greater severity levels of pain, disability, or fear of movement.  The fourth aim was 
to determine the measurement error associated with this 2D method to evaluate motion during these 
movement performance tests. This is important clinically as it permits interpretation of kinematic 
findings between populations, and between measurement sessions. This is based on identification of 
the error associated with these measures which will include error both from the measurement 
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method and process itself, and also variation associated with human movement performance 
variation between sessions.  
 
7.2 Methods 
7.2.1 Participants 
A total of 74 participants were recruited, including 48 with CLBP, and 26 healthy controls. 
Participants were recruited through general advertising (electronic media, hard copy flyers) at the 
University of Queensland and Royal Brisbane and Women’s Hospital. Participants initially 
underwent a telephone screening session to determine eligibility and when required (i.e. suspect 
neurological involvement) also underwent a physical examination. 
The CLBP group had a mean (SD) age of 43.9 (9.9) years, mean body mass of 77.2 (16.3) kg, and 
height 1.72 (0.11) metres. The CLBP group included 28 participants with bilateral symptoms and 
20 participants with unilateral symptoms. The control group had a mean (SD) age of 38.4 (10.6) 
years, mean body mass of 71.1 (9.6) kg, and height 1.74 (0.96) metres. Participant demographics 
are presented in Table 7-1. 
Participants with CLBP were included if they were aged between 18-60 years of age and reported 
non-specific low back pain of at least three months duration, of an average pain intensity on 
numerical pain rating scale (11-point scale ranging from 0 (no pain) to 10 (worst pain imaginable)) 
of at least 3/10. Participants in the CLBP group were excluded if they: (i) presented with back pain 
of a non-musculoskeletal origin, (ii) were not competent in written or spoken English, (iii) had 
significant co-morbidity potentially affecting performance of clinical tests (e.g. structural pathology 
affecting joint or soft tissue of the hip or knee, current pregnancy, other medical disorder contra-
indicating physical exercise), (iv) had significant imaging findings e.g. moderate to severe 
osteoarthritis (Grade 3-4 on plain radiograph [262]), (v) were currently undergoing conditioning 
exercises of the lumbar spine at a gym or with a health professional, or (vi) demonstrated significant 
neurological findings (e.g. diminished sensation or strength in specific dermatomes/myotomes, 
reduced/absent reflexes).  
Participants in the healthy control group were included if they were aged between 18-60 years of 
age and reported no reported history of low back pain. Participants in this group were excluded if 
they: (i) were not competent in written or spoken English, or (ii) had significant co-morbidity 
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potentially affecting performance of clinical tests (e.g. structural pathology affecting joint or soft 
tissue of the hip or knee, current pregnancy, other medical disorder contra-indicating physical 
exercise). 
7.2.1.1 Sample Size 
Due to the novel characteristics of the 2D kinematic measurements being assessed, no a priori 
power calculation to determine sample size was able to be accurately performed. However, it was 
ensured that total participants in each group matched or exceeded the sample size of previous 
studies measuring kinematic performance during weight bearing movement control tasks in CLBP 
and other clinical populations [168, 263].  
This study was funded by a research grant provided by the Royal Brisbane and Women’s Hospital 
(RBWH) Foundation. Ethical approval for the study (Appendix 3) was granted through the 
University of Queensland Institutional Medical Research Ethics Committee (Project ID 
2012000692) and the Gold Coast University Hospital Human Research Ethics Committee 
(HREC/12/QGC/16). All participants provided informed consent prior to undertaking the testing 
sessions. 
7.2.2 Measurements 
7.2.2.1 Participant Characteristics 
Details were recorded such as participant sex, height, weight and lower limb dominance (defined as 
foot used to kick a ball). Duration of low back pain and location of symptoms (bilateral or 
unilateral) was also obtained. 
7.2.2.2 Patient-reported measures  
Questionaries were used for participant descriptive purposes but also for exploration of their 
relationship with the kinematic measurements. These included: 
▪ Oswestry Disability Index (ODI): 
The ODI is used as a measure of a participant’s functional disability [264]. It consists of 10 
questions addressing a range of functional issues in low back pain, and provides a total 
percentage of disability, ranging from minimal (0-20%) to bed-bound (81-100%). It has 
been demonstrated to have high test-retest reliability (values range from r=0.83-0.99) [264-
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266]. It also has high reported responsiveness, with the minimum clinically important 
difference (MCID) reported between 4 and 10.5 points [264, 265, 267, 268].  
▪ Tampa Scale of Kinesiophobia (TSK): The TSK consists of 17 items intended to assess fear 
of movement and fear of (re)injury[269, 270].  Respondents rate the extent to which the 
items are a true reflection of the assumed association between movement and injury on a 
four-point Likert scale. In the CLBP population, the TSK has been shown to be reliable, 
with internal consistency ranging from α=0.68 to 0.80 [271-273]. 
▪ Numerical Pain Rating Scale (NRPS): The NRPS is an 11-point scale that allows 
participants to rate their pain from 0 (no pain) to 10 (worst pain imaginable) across four 
parameters (worst, least, average, current) in the previous 24 hours [274]. It has been 
demonstrated to have adequate internal consistency (α >0.80) [275], and has demonstrated 
responsiveness in the low back pain population, with an area under ROC curve of 0.92 
[276]when comparing baseline to 4 weeks follow up .  It has been shown to have validity as 
a measure of pain intensity [277] and is used widely as an outcome measure in clinical trials 
involving low back pain participants [278].  
7.2.2.3 Kinematic measures  
The following kinematic variables were evaluated as described in Chapter 5.  
• Lumbar Lordosis Angle: This is the angle formed between markers placed over the 
spinous processes of T12, L3 and S1. (Figure 5-1 Chapter 5) 
• Pelvic Sagittal Rotation Angle: The angle formed between a line drawn between the ASIS 
and PSIS on the weight bearing side and the horizontal. 
• Pelvic Frontal Rotation Angle: The angle formed between the ASIS markers in the frontal 
plane and the horizontal. 
• Pelvic Transverse Rotation Angle: Calculated from the projected linear distance between 
ASIS and S1 marker on the weight bearing side, while accounting for the impact of known 
translation and rotation along and around other axes. 
• Knee Frontal Plane Projection Angle (FPPA): The projected angle in the frontal plane 
formed by an intersection of lines drawn between proximal and distal mid-thigh markers and 
a line drawn between a marker on the tibial tuberosity and a marker placed between both 
malleoli. 
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• Pelvic Kinematic Index (PKI): An additional pelvic kinematic index was also calculated to 
provide an estimate of the net motion around each orthogonal axis (PKI, calculated as: 
, where rotation around each axis is angular displacement 
relative to the bilateral stance position) for analysis. Similar combined scores of cumulative 
movement have been utilised in previous studies in order to serve as a measure of movement 
and postural stability of the body segment [229, 230]. 
7.2.3 Experimental Protocol 
Participants completed all questionnaires (ODI, TSK, NPRS) prior to completion of physical 
testing. A single data collection session was conducted at the Royal Brisbane and Women’s 
Hospital. To enable assessment of between-day reliability, fourteen participants (8 with CLBP, 6 
pain-free controls) returned for a second session (5-8 days between sessions) and repeated the 2D 
performance measures. The number of participants assessed for the reliability component of the 
study is similar to other studies investigating reliability of kinematic measures during similar tasks 
[183]. 
As described in Chapter 5, participants wore clothing that permitted visualisation of the lumbar 
spine, anterior (ASIS) and posterior (PSIS) superior iliac spines, and the anterior thigh and leg. 
Spherical markers of 25mm diameter were placed on anatomical landmarks to enable later 
digitisation and calculation of the kinematic angles. With markers in place, two video cameras (one 
in the frontal plane and one in the sagittal plane on the weightbearing side) recorded video footage 
as participants undertook the following movement control tests: 
• Bilateral Stance: Participants stood with arms crossed looking straight ahead. 
• Single-leg Stance: Participants stood with arms crossed, before transitioning to single-leg 
stance and holding for five seconds.  
• Single-leg Squat: Participants stood with arms crossed, before transitioning to single-leg 
stance and descending over two seconds to touch a wire on the anterior knee set at 40° knee 
flexion. 
• Single-leg Drop: Participants stood with arms crossed on a 10cm step. They transitioned to 
single-leg stance and jumped to land and stabilise on the same lower limb. 
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7.2.4 Data Management and Analysis 
Video files were processed using VirtualDub® software and relevant frames of interest were 
exported as image files. Body segment angles and projected linear distances were calculated using 
movement analysis tools in eHab Telerehabilitation software (NeoRehab, Brisbane Australia).  
Kinematic variables were expressed as change in angular displacement, with the angles measured 
during bilateral stance serving as the reference position against which all angular displacements 
during the tests were calculated. Kinematic data of participants with unilateral CLBP was expressed 
as the symptomatic or non-symptomatic side. Kinematic variables were also expressed as the 
maximum value attained during the task regardless of side. The average of three acceptable trials 
for each test condition was used for analysis. 
7.2.5 Statistical Analysis 
Statistical analysis was performed using SPSS v24.00 (IBM, New York USA). Shapiro-Wilk tests 
were used to assess variables for normality. When demographic variables were normally 
distributed, independent t-tests were used to compare group differences, and Mann-Whitney u tests 
when not normally distributed. Binomial distribution was used to assess significant differences of 
categorical variables (sex, lower limb dominance). Demographic variables that demonstrated 
significant differences between groups were entered as covariates in the main analysis.  
7.2.5.1 Group Comparisons 
Analysis of Variance, followed by an Analysis of Covariance, were used to compare kinematic 
differences between groups, firstly for all CLBP participants, and secondly as a sub-group analysis 
for CLBP with unilateral symptoms. For the control group side to side differences for the kinematic 
variables were assessed using paired t-tests. If no significant differences were apparent, between-
side variables were averaged in order to compare with the kinematic data of CLBP with unilateral 
symptoms. 
7.2.5.2 Relationship of Kinematic and Clinical Variables 
Pearson’s Correlation Coefficients were used to explore relationships between kinematic variables 
and self-reported measures of pain, disability and fear of movement. The strength of relationship 
was considered very weak for r values between 0.00-0.19, weak for r values between 0.20-0.39, 
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moderate for r values between 0.40-0.59, strong for r values between 0.60-0.79, and very strong for 
r values between 0.80-1.0 [279]. Alpha levels were set at 0.05 for all statistical tests. 
7.2.5.3 Reliability Analysis 
Measured angles for left and right-sided task performance was assessed for systematic differences 
using paired t-tests, with alpha level set at 0.05. If no significant differences were detected between 
sides, the data was combined in order to simplify interpretation of the results. The inter-session 
reliability of the averaged measurements was assessed using Intraclass Correlation Coefficients 
(ICC 3, 3).  ICC scores of 0 to 0.4 were considered poor, 0.4-0.74 moderate, and 0.75 to 1.00 
excellent [156]. The pooled standard deviation of measurements was calculated as 
 [219]. The Standard Error of the Measurement (SEM) 
was calculated as SDPooled x , where SDPooled is the pooled standard deviation, and r is the 
measured reliability. Minimal Detectable Change was calculated as 1.96x x SEM [280]. All 
statistical analysis was performed using SPSS v24.0 software. 
 
7.3 Results 
7.3.1 Demographic Variables 
No significant differences were found between the control group and the CLBP group for height, 
weight, sex or lower limb dominance (Table 7-1). For the total sample of CLBP, age (CLBP 
43.9±9.9 years vs. controls 38.4±10.6 years, P=0.029) and BMI (CLBP 25.6±3.9 vs. controls 
23.3±3.0 kg/m2, P=0.004) were significantly different, while for the unilateral CLBP sub-group, age 
was significantly different (ULBP 45.7±8.9 vs. controls 38.4±10.6 years, P=0.017). Therefore age 
and BMI were included as covariates in all analyses.  
Table 7-1 Participant Demographics. 
Descriptive statistics of study sample (mean(SD)) 
 Chronic Low Back Pain 
(Total sample) 
Unilateral Back Pain Control P value 
(Total 
sample) 
P value (Unilateral 
Back Pain) 
Age, years 43.9 (9.9) 45.7 (8.9) 38.4 (10.6) 0.029* 0.017* 
Height, m 1.72 (0.11) 1.74 (0.95) 1.74 (0.95) 0.337 0.935 
Weight, kg 77.2 (16.3) 75.3 (12.7) 71.1 (9.6) 0.116 0.307 
Body mass index, kg/m2 25.6 (3.9) 24.4 (2.8) 23.3 (3.0) 0.004* 0.221 
Sex, n (%)    0.086 0.155 
  Female 29 (60%) 12 (60%) 14 (54%)   
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  Male 19 (40%) 8 (40%) 12 (46%)   
Dominant lower limb Right =43 (90%) Right =17 (85%) Right =24 (92%) 0.252 0.141 
 Left =5 (10% Left=3 (15%) Left=2 (8%)   
Symptomatic side  Right=6 (30% 
Left=14 (70%) 
   
NPRS 3.9 (1.8) 3.9 (1.4)    
ODI 19.2 (10.1) 24.4 (11.2)    
TSK 37.3 (6.7) 39.6 (5.6)    
*P<0.05. 
7.3.2 Kinematic Measures 
7.3.2.1 Comparison between total CLBP and control groups 
With age and BMI included as covariates, kinematic differences were found between the total 
sample of CLBP and pain-free controls (Table 7-2). Individuals with CLBP stood in greater valgus 
alignment of the left knee (mean difference -2.7°, p=0.046) and moved into greater anterior pelvic 
sagittal rotation during right single-leg stance (mean difference 2.0°, p=0.030). Individuals with 
CLBP also demonstrated decreased pelvic transverse rotation during left single-leg land (mean 
difference 3.8°, p=0.044). No other significant differences were found. A total of eight participants 
with CLBP were unable to complete the single-leg land task due to apprehension or inability to 
perform the task according to the set criteria. 
Table 7-2. Kinematic measurements of the lumbar lordosis, pelvic rotation (sagittal, frontal, 
transverse) and Pelvic Kinematic Index (PKI), knee frontal plane projection angle (FPPA), 
between Chronic Low Back Pain and pain-free controls during bilateral stance, single-leg stance, 
single-leg squat and single-leg land. 
 
 CLBP 
(Total 
sample) 
Controls Mean 
Difference 
(95% CI) 
Adjusted 
P value+ 
CLBP 
(Unilateral) 
Control Mean 
Difference 
(95% CI) 
Adjusted 
P value+ 
 
Bilateral Stance 
 
Bilateral Stance 
Lumbar Lordosis 23.6 25.2 -1.5 (-6.0-3.0) 0.289 21.0 25.2 -4.1 (-9.9-1.6) 0.062 
Sagittal Rotation 4.0 5.1 -1.1 (-4.1-1.9) 0.262 3.0 5.1 -2.0 (-5.7-1.6) 0.268 
Frontal Rotation -0.8 -1.2 0.4 (-0.6-1.4) 0.527 -1.3 -1.2 -0.1 (-1.3-1.2) 0.915 
Right/Non-
Symptomatic Knee 
FPPA 
175.5 177.4 -1.9 (-3.9—
0.1) 
0.206 176.4 177.5 -1.1 (-3.4-1.2) 0.331 
Left/Symptomatic 
Knee FPPA 
175.2 177.9 -2.7 (-4.4—
0.9) 
0.041* 175.4 177.5 -2.03 (-4.3-0.2) 0.076 
 
Left Single-leg Stance 
 
Symptomatic Single-Leg Stance 
Lumbar Lordosis 1.6 0.7 0.9 (-1.4-3.3) 0.278 2.0 0.7 1.3 (-1.7-4.4) 0.234 
Sagittal Rotation 0.1 0.4 -0.2 (-2.1-1.7) 0.869 6.6 2.1 5.3 (2.6-8.0) 0.003* 
Frontal Rotation 4.9 5.2 -0.3 (-2.0-1.4) 0.863 5.8 5.0 0.8 (-0.9-2.5) 0.769 
Transverse Rotation -4.5 -4.4 -0.1 (-2.3-2.1) 0.678 -5.2 -4.0 -1.2 (-3.7-1.3) 0.746 
Knee FPPA 1.4 1.6 -0.2 (-1.2-0.9) 0.869 1.3 1.5 -0.2 (-1.2-0.8) 0.534 
PKI 14.8 12.2 2.6 (0.1-5.0) 0.230 16.3 12.3 4.0 (1.0-7.1) 0.046* 
 
Right Single-leg Stance 
 
Non-Symptomatic Single-Leg Stance 
Lumbar Lordosis 0.6 0.5 0.1 (-2.9-3.1) 0.797 1.8 0.7 1.1 (-1.9-4.2) 0.338 
Sagittal Rotation 4.2 2.2 2.0 (0.1-3.8) 0.029* 5.1 1.4 3.7 (0.7-6.8) 0.041* 
Frontal Rotation 5.1 4.8 0.4 (-0.8-1.5) 0.495 5.6 5.0 0.6 (-0.6-1.9) 0.463 
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 CLBP 
(Total 
sample) 
Controls Mean 
Difference 
(95% CI) 
Adjusted 
P value+ 
CLBP 
(Unilateral) 
Control Mean 
Difference 
(95% CI) 
Adjusted 
P value+ 
Transverse Rotation -4.7 -3.6 -1.1 (-3.8-1.6) 0.704 -4.8 -4.0 -0.9 (-3.3-1.6) 0.687 
Knee FPPA 1.9 1.4 0.5 (-0.9-1.9) 0.464 2.0 1.5 0.5 (-0.8-1.8) 0.493 
PKI 15.5 12.4 3.1 (-0.2-6.5) 0.170 15.1 12.3 2.8 (-0.2-5.8) 0.161 
 
Single-Leg Stance Maximum 
 
Single-Leg Stance Maximum 
Lumbar Lordosis 3.4 1.9 1.5 (-0.8-3.8) 0.208 2.9 1.9 1.1 (-1.8-3.9) 0.324 
Sagittal Rotation 4.3 3.2 1.1 (-0.8-2.9) 0.256 8.2 3.2 4.9 (1.9-8.0) 0.004* 
Frontal Rotation 6.4 6.2 0.1 (-0.9-1.2) 0.986 6.8 6.2 0.6 (-0.7-1.9) 0.463 
Transverse Rotation -7.2 -5.9 -1.3 (-3.6-1.0) 0.697 -6.9 -5.9 -0.9 (-3.5-1.6) 0.760 
Knee FPPA 2.8 2.6 0.2 (-0.9-1.3) 0.694 2.4 2.6 -0.2 (-1.5-1.1) 0.635 
PKI 18.3 15.2 2.8 (-0.7-6.2) 0.170 17.9 15.2 3.2 (0.2-6.2) 0.277 
 
Left Single-Leg Squat 
 
Symptomatic Single-Leg Squat 
Lumbar Lordosis -0.2 -0.8 0.7 (-2.5-3.8) 0.578 -0.5 -0.4 -0.1 (-4.8-4.5) 0.952 
Sagittal Rotation 2.8 2.5 0.3 (-2.1-2.7) 0.785 2.9 2.6 0.3 (-2.7-3.4) 0.954 
Frontal Rotation 1.2 2.6 -1.4 (-3.6-0.8) 0.292 1.8 3.0 -1.2 (-4.2-1.7) 0.300 
Transverse Rotation -6.8 -6.7 -0.2 (-2.9-2.6) 0.849 -8.0 -6.3 -1.7 (-4.3-0.9) 0.349 
Knee FPPA 4.7 3.9 0.8 (-1.7-3.3) 0.989 2.5 3.3 -0.8 (-3.5-1.9) 0.546 
PKI 15.8 15.4 0.4 (-2.4-3.3) 0.993 19.1 14.7 4.4 (0.2-8.6) 0.059 
 
Right Single-Leg-Squat 
 
Non-Symptomatic Single-Leg Squat 
Lumbar Lordosis 0.5 0.1 0.4 (-2.9-3.7) 0.978 0.3 -0.4 0.7 (-3.1-4.5) 0.623 
Sagittal Rotation 4.4 2.7 1.7 (-0.3-3.7) 0.277 3.4 2.6 0.8 (-1.5-3.0) 0.742 
Frontal Rotation 3.6 3.5 0.2 (-1.4-1.7) 0.902 2.7 3.0 -0.4 (-2.0-1.3) 0.632 
Transverse Rotation -8.5 -5.7 -2.7 (-5.4—
0.1) 
0.181 -9.9 -6.3 -3.6 (-5.9—1.3) 0.017* 
Knee FPPA 3.8 2.8 1.0 (-1.4-3.4) 0.815 4.4 3.3 1.0 (-1.9-3.9) 0.818 
PKI 17.6 13.9 3.7 (0.5-6.9) 0.148 17.1 14.7 2.5 (-0.4-5.3) 0.209 
 
Single-Leg Squat Maximum 
 
Single-Leg Squat Maximum 
Lumbar Lordosis 2.4 1.3 1.2 (-2.0-4.3) 0.658 1.7 1.3 0.5 (-3.8-4.8) 0.720 
Sagittal Rotation 5.5 3.9 1.7 (-0.4-3.8) 0.355 5.4 3.9 1.6 (-1.1-4.2) 0.395 
Frontal Rotation 4.6 4.5 0.0 (-1.4-1.4) 0.870 4.6 4.5 0.1 (-1.6-1.8) 0.794 
Transverse Rotation -8.5 -5.7 -2.7 (-5.3—
0.1) 
0.201 -10.9 -5.7 -5.2 (-8.0—2.4) 0.005* 
Knee FPPA 6.1 5.0 1.0 (-1.2-3.3) 0.826 5.2 5.0 0.2 (-2.6-3.0) 0.800 
PKI 20.1 17.2 3.2 (-0.7-7.2) 0.249 20.4 17.2 2.9 (-0.0-5.8) 0.043* 
 
Left Single-Leg Land 
 
Symptomatic Single-Leg Land 
Lumbar Lordosis -4.1 -5.7 1.7 (-2.5-5.8) 0.313 -0.7 -5.3 4.5 (-0.6-9.7) 0.052 
Sagittal Rotation 3.4 1.9 1.5 (-2.1-5.1) 0.480 4.8 5.3 -0.5 (-3.4-2.5) 0.463 
Frontal Rotation 2.0 2.4 -0.4 (-2.4-1.6) 0.447 3.5 2.3 1.2 (-1.0-3.3) 0.306 
Transverse Rotation -1.1 -4.9 3.8 (0.4-7.2) 0.044* 1.9 -1.9 3.8 (-0.1-7.6) 0.055 
Knee FPPA 4.3 1.7 2.6 (-0.8-5.9) 0.238 2.6 1.5 1.1 (-3.2-5.3) 0.623 
PKI 19.5 16.4 3.1 (-0.6-6.8) 0.220 20.7 14.8 5.9 (1.8-10.1) 0.048* 
 
Right Single-Leg Land 
 
Non-Symptomatic Single-Leg Land 
Lumbar Lordosis -5.4 -4.8 -0.7 (-4.8-3.4) 0.985 -1.2 -5.3 4.1 (-1.1-9.2) 0.079 
Sagittal Rotation 6.3 3.7 2.5 (-0.5-5.6) 0.125 4.5 5.3 -0.8 (-3.8-2.1) 0.382 
Frontal Rotation 3.3 2.3 1.0 (-0.6-2.7) 0.267 2.9 2.3 0.6 (-1.1-2.2) 0.476 
Transverse Rotation -0.7 1.2 -1.8 (-5.2-1.5) 0.444 -0.8 -1.9 1.1 (-2.2-4.4) 0.354 
Knee FPPA 2.0 1.3 0.7 (-3.0-4.3) 0.991 4.1 1.5 2.6 (-1.6-6.7) 0.409 
PKI 16.9 13.1 3.8 (0.3-7.3) 0.052 16.8 14.8 2.1 (-1.5-5.6) 0.478 
 
Single-Leg Land Maximum 
 
Single-Leg Land Maximum 
Lumbar Lordosis -2.9 -3.6 0.7 (-3.2-4.7) 0.536 0.4 -3.6 4.1 (-1.2-9.4) 0.083 
Sagittal Rotation 6.9 4.7 2.3 (-0.8-5.3) 0.206 6.6 4.7 1.9 (-1.3-5.2) 0.587 
Frontal Rotation 4.7 3.2 1.5 (0.0-2.9) 0.090 5.0 3.2 1.8 (0.0-3.5) 0.073 
Transverse Rotation 3.1 2.0 1.1 (-2.0-4.2) 0.411 -3.5 2.0 -5.5 (-9.3—1.7) 0.030* 
Knee FPPA 5.7 4.2 1.6 (-1.6-4.8) 0.569 6.5 4.2 2.4 (-1.7-6.4) 0.356 
PKI 21.6 17.7 3.9 (0.4-7.5) 0.089 21.4 17.7 3.7 (-0.8-8.1) 0.393 
Variables expressed as unadjusted mean (degrees), +Age and BMI as Covariates; *P<0.05 
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7.3.3.2 Comparison between Unilateral CLBP and control groups 
Paired t-tests revealed that only pelvic transverse rotation during single-leg land revealed systematic 
differences between sides for control participants (Table 7-3). Subsequently between-side data was 
averaged for control participants for comparison with unilateral LBP participants.  
 
Table 7-3. Assessment of systematic difference between sides for pain-free controls.  
 Sagittal 
Rotation 
Frontal Rotation Transverse 
Rotation 
PKI Lumbar 
Lordosis 
Knee FPPA 
Bilateral Stance N/A N/A N/A N/A N/A 0.55 
Single-Leg Stance 0.06 0.52 0.42 0.89 0.64 0.73 
Single-Leg Squat 0.36 0.29 0.61 0.24 0.36 0.24 
Single-Leg Drop 0.07 0.84 0.003* 0.51 0.27 0.78 
*p<0.05. PKI= Pelvis Kinematic Index. FPPA= Frontal Plane Projection Angle. N/A= Not Applicable 
 
When sub-group analysis was performed comparing participants with unilateral low back pain 
symptoms and controls, a number of kinematic variables were significantly different. Participants 
with unilateral CLBP moved into significantly greater anterior pelvic sagittal rotation during single-
leg stance on the symptomatic side (mean difference 5.3°, p=0.001), and non-symptomatic side 
(mean difference 3.7°, p=0.018). Maximal pelvic sagittal rotation (irrespective of side) during 
single-leg stance was also greater in individuals with unilateral CLBP (mean difference 4.9°, 
p=0.004). The PKI during single-leg stance was also significantly greater on the symptomatic side 
(mean difference 4.0°, p=0.046). During Single-leg squat, participants with unilateral LBP 
demonstrated greater pelvic transverse rotation (contralateral side moving posteriorly) on the non-
symptomatic side (mean difference -3.6°, p=0.017) and on the side of maximum pelvic transverse 
rotation (mean difference -5.2°, p=0.005). During the single-leg land, maximum between-side 
pelvic transverse rotation was greater in individuals with unilateral LBP (mean difference -5.5°, 
p=0.030). The PKI was also greater on the symptomatic side (mean difference 5.9°, p=0.048) 
during single leg land. 
7.3.3 Correlation between kinematic variables and self-reported measures 
The association between self-reported measures of pain intensity (VAS), disability (ODI) and 
kinesiophobia (TSK), and kinematic variables of the lumbar spine, pelvis and lower limb are 
presented in Table 7-4. While a number of variables demonstrated significant correlations with self-
reported measures, the strength of the correlation was weak or very weak in 16 (53%) of these 
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relationships. Of the remaining variables, ten (71%) demonstrated moderate correlation, while four 
(29%) demonstrated strong correlation. Variables demonstrating moderate or strong correlations are 
presented in graphical format in Figure 7.1 (total LBP sample) and Figure 7.2 (Unilateral LBP 
sample).  
Table 7-4 Correlation between kinematics of the lumbar spine, pelvis and knee and self-reported 
measures of disability, pain intensity, and kinesiophobia. 
 
 Chronic Low Back Pain (Total Sample) Unilateral Low Back Pain 
 ODI ODI r 
value 
NPRS NPRS 
r 
value 
TSK TSK r 
value 
ODI ODI r 
value 
NPRS NPRS r 
value 
TSK TSK r 
value 
 
Bilateral Stance 
  
Bilateral Stance 
 
Lumbar Lordosis 0.568  0.418  0.703  0.574  0.048  0.942  
Sagittal Rotation 0.234  0.702  0.840  0.300  0.947  0.443  
Frontal Rotation 0.070  0.034* -.316 0.030* -.328 0.962  0.727  0.642  
Right/Non-Symptomatic 
Knee FPPA 
0.107  0.002Ɨ -.444 0.235  0.032* -.505 0.174  0.001Ɨ -.680 
Left/Symptomatic Knee 
FPPA 
0.160  0.006Ɨ -.403 0.041* -.310 0.647  0.063  0.095  
 
Left Single-leg Stance 
  
Symptomatic Single-Leg Stance 
 
Lumbar Lordosis 0.593  0.833  0.492  0.457  0.710  0.949  
Sagittal Rotation 0.172  0.003Ɨ -.439 0.323  0.854  0.632  0.402  
Frontal Rotation 0.497  0.308  0.844  0.913  0.967  0.657  
Transverse Rotation 0.905  0.514  0.881  0.703  0.485  0.686  
Knee FPPA 0.569  0.634  0.265  0.366  0.914  0.241  
KPI 0.246  0.851  0.806  0.459  0.925  0.806  
 
Right Single-leg Stance 
  
Non-Symptomatic Single-Leg Stance 
 
Lumbar Lordosis 0.237  0.397  0.984  0.124  0.081  0.538  
Sagittal Rotation 0.711  0.417  0.346  0.378  0.717  0.827  
Frontal Rotation 0.004Ɨ .431 0.629  0.057  0.261  0.478  0.415  
Transverse Rotation 0.055  0.070  0.010* -.392 0.893  0.794  0.247  
Knee FPPA 0.350  0.087  0.269  0.060  0.700  0.151  
KPI 0.043* 0.318 0.075  0.010* .395 0.530  0.531  0.160  
 
Single-Leg Stance Maximum 
  
Single-Leg Stance Maximum 
 
Lumbar Lordosis 0.495  0.516  0.846  0.609  0.475  0.481  
Sagittal Rotation 0.876  0.352  0.409  0.901  0.540  0.391  
Frontal Rotation 0.012* .384 0.877  0.061  0.461  0.246  0.426  
Transverse Rotation 0.094  0.056  0.037* -.322 0.265  0.498  0.290  
Knee FPPA 0.276  0.119  0.861  0.034* -.515 0.765  0.331  
KPI 0.020* .318 0.065  0.046* .322 0.292  0.893  0.312  
 
Left Single-Leg Squat 
  
Symptomatic Single-Leg Squat 
 
Lumbar Lordosis 0.462  0.648  0.639  0.711  0.037
* 
.541 0.622  
Sagittal Rotation 0.699  0.306  0.042* -.312 0.171  0.714  0.647  
Frontal Rotation 0.435  0.957  0.150  0.759  0.839  0.252  
Transverse Rotation 0.752  0.695  0.245  0.732  0.696  0.560  
Knee FPPA 0.005Ɨ -.455 0.745  0.022* -.375 0.056  0.331  0.960  
KPI 0.272  0.339  0.311  0.037* .510 0.290  0.113  
 
Right Single-Leg-Squat 
  
Non-Symptomatic Single-Leg Squat 
 
Lumbar Lordosis 1.000  0.691  0.753  0.871  0.618  0.368  
Sagittal Rotation 0.457  0.273  0.110  0.211  0.811  0.306  
Frontal Rotation 0.978  0.540  0.307  0.090  0.638  0.629  
Transverse Rotation 0.131  0.464  0.629  0.621  0.477  0.319  
Knee FPPA 0.297  0.307  0.280  0.781  0.948  0.602  
KPI 0.421  0.953  0.599  0.815  0.841  0.758  
 
Single-Leg Squat Maximum 
  
Single-Leg Squat Maximum 
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 Chronic Low Back Pain (Total Sample) Unilateral Low Back Pain 
 ODI ODI r 
value 
NPRS NPRS 
r 
value 
TSK TSK r 
value 
ODI ODI r 
value 
NPRS NPRS r 
value 
TSK TSK r 
value 
Lumbar Lordosis 0.693  0.458  0.688  0.970  0.080  0.415  
Sagittal Rotation 0.830  0.462  0.163  0.430  0.746  0.805  
Frontal Rotation 0.524  0.602  0.756  0.113  0.067  0.402  
Transverse Rotation 0.131  0.464  0.629  0.481  0.541  0.213  
Knee FPPA 0.058  0.434  0.023* -.378 0.684  .0825  0.866  
KPI 0.253  0.638  0.980  0.993  0.227  0.167  
 
Left Single-Leg Land 
  
Symptomatic Single-Leg Land 
 
Lumbar Lordosis 0.100  0.669  0.202  0.745  0.221  0.850  
Sagittal Rotation 0.537  0.467  0.744  0.757  0.215  0.671  
Frontal Rotation 0.724  0.213  0.261  0.555  0.847  0.730  
Transverse Rotation 0.074  0.226  0.559  0.708  0.458  0.819  
Knee FPPA 0.058  0.056  0.150  0.008Ɨ -.697 0.585  0.275  
KPI 0.817  0.828  0.543  0.607  0.973  0.617  
 
Right Single-Leg Land 
  
Non-Symptomatic Single-Leg Land 
 
Lumbar Lordosis 0.036* .356 0.567  0.691  0.550  0.339  0.751  
Sagittal Rotation 0.958  0.403  0.578  0.970  0.496  0.487  
Frontal Rotation 0.019* .356 0.466  0.578  0.271  0.276  0.312  
Transverse Rotation 0.543  0.916  0.456  0.142  0.063  0.086  
Knee FPPA 0.152  0.260  0.124  0.016* -.630 0.006
Ɨ 
-.684 0.253  
KPI 0.625  0.778  0.611  0.620  0.562  0.695  
 
Single-Leg Land Maximum 
  
Single-Leg Land Maximum 
 
Lumbar Lordosis 0.185  0.948  0.464  0.829  0.192  0.798  
Sagittal Rotation 0.843  0.248  0.669  0.988  0.182  0.909  
Frontal Rotation 0.038* .342 0.897  0.620  0.059  0.324  0.372  
Transverse Rotation 0.147  0.653  0.257  0.510  0.193  0.392  
Knee FPPA 0.073  0.071  0.127  0.002Ɨ -.759 0.059  0.100  
KPI 0.964  0.794  0.816  0.840  0.970  0.708  
 *P<0.05, ƗP<0.01  
In the total CLBP sample, higher levels of disability was moderately correlated with greater pelvic 
frontal rotation during Right Single-Leg Stance (P=0.004, r=.431) and greater knee valgus FPPA 
during Left Single-Leg Squat (P=0.005, r=-.455). Higher levels of pain intensity were moderately 
correlated with increased valgus FPPA alignment of the left knee (P=0.006, r=-.403) and right knee 
(P=0.002, r=-.444) during bilateral stance, and greater posterior pelvic sagittal rotation during left 
Single-Leg Stance (P=0.003, r=-.439).  
For the unilateral LBP group, higher levels of disability were moderately correlated with greater 
valgus FPPA alignment of the knee during bilateral stance (P=0.032, r=-.505), greater maximal 
knee valgus FPPA movement (irrespective of side) during Single-Leg Stance (P=0.032, r=-.515), 
and strongly correlated with greater knee valgus FPPA during Single-leg Land on the symptomatic 
(P=0.008, r=-.697), non-symptomatic (P=0.016, r=-.630) and maximal (P=0.002, r=-.759) sides. 
Higher reported disability was also moderately correlated with greater PKI on the symptomatic side 
during Single-Leg Squat (P=0.037, r=.510). Higher levels of pain intensity were moderately 
correlated with increasing lumbar lordosis during Single-Leg Squat on the symptomatic side 
(P=0.037, r=.541) and strongly correlated with greater knee valgus FPPA during Single-Leg Land 
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on the non-symptomatic side (P=0.006, r=-.684). Higher reported kinesiophobia was strongly 
correlated with greater valgus FPPA during bilateral stance of the non-symptomatic knee (P=0.001, 
r=-.680). 
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Figure 7-1 Correlation between kinematic variables and self-reported measures of pain, 
disability, and kinesiophobia in individuals with Chronic Low Back Pain (total sample). 
Significant correlations with at least moderate correlation (≥.400) are included.SLSt=Single-
Leg Stance; SLSq=Single-Leg Squat; SLL=Single-Leg Land. A negative change indicates a 
valgus knee movement, decrease in lumbar lordosis, decrease in anterior pelvic sagittal 
rotation (pelvic tilt), pelvic frontal rotation (obliquity) towards non-weight bearing side, or 
posterior transverse rotation of the non-weight bearing side. Higher KPI values indicate higher 
sum of pelvic rotations around all three axes. 
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Figure 7-2. Correlation between kinematic variables and self-reported measures of pain, 
disability and kinesiophobia in individuals with Unilateral Chronic Low Back Pain. 
Significant correlations with at least moderate correlation (≥.400) are included. SLSt=Single-
Leg Stance; SLSq=Single-Leg Squat; SLL=Single-Leg Land. A negative change indicates a 
valgus FPPA knee movement, decrease in lumbar lordosis, decrease in anterior pelvic sagittal 
rotation (pelvic tilt), pelvic frontal rotation (obliquity) towards non-weight bearing side, or 
Varus 
Valgus 
Varus 
Valgus 
Varus 
Valgus 
Varus 
Valgus 
Greater 
Lesser 
115 
 
posterior pelvic transverse rotation of the non-weight bearing side. Higher KPI values indicate 
higher sum of pelvic rotations around all three axes. 
7.3.4 Between-day Reliability 
7.3.4.1 Reliability Coefficients 
Comparison of left and right sided test performance for the 14 participants involved the reliability 
component of the study is presented in Table 7-5. Only 2 out of 38 kinematic measurements (knee 
FPPA during the bilateral static standing (p=0.01), pelvic frontal rotation during single-leg land 
(p=0.05)) demonstrated significant between-side differences during the test conditions, therefore 
data for left and right sides were combined for the assessment of reliability. Inter-session reliability 
for all pelvic kinematic measurements during the four test conditions is presented in Table 7-6. 
Reliability of all measurements ranged from moderate to excellent. Between-session reliability of 
kinematics during bilateral standing ranged from ICC .59 to .92. Reliability of kinematics during 
single-leg stance ranged from .65 to .84, .75 to .87 for single-leg squat, and .53 to .86 for single-leg 
landing. 
Table 7-5. Assessment of systematic differences between sides for reliability.  
 Sagittal 
Rotation 
Frontal Rotation Transverse 
Rotation 
PKI Lumbar 
Lordosis 
Knee FPPA 
Session 1 
Bilateral Stance N/A N/A N/A N/A N/A 0.01* 
Single-Leg Stance 0.11 0.15 0.11 0.81 0.64 0.06 
Single-Leg Squat 0.07 0.21 0.17 0.83 0.50 0.77 
Single-Leg Drop 0.66 0.10 0.25 0.51 0.85 0.80 
 
Session 2 
Bilateral Stance N/A N/A N/A N/A N/A 0.11 
Single-Leg Stance 0.36 0.58 0.58 0.25 0.89 0.43 
Single-Leg Squat 0.16 0.30 0.73 0.44 0.52 0.14 
Single-Leg Drop 0.44 0.05* 0.36 0.66 0.22 0.10 
*p<0.05. PKI= Pelvis Kinematic Index. FPPA= Frontal Plane Projection Angle. N/A= Not Applicable 
7.3.4.2 Between-day measurement variability 
The pooled standard deviation, Standard Error of the Measurement and Minimal Detectable Change 
for each movement task is presented in Table 7-5. Minimal detectable change ranged from 1.3° 
(change in pelvic frontal rotation during single-leg stance) to 7.3° (change in pelvic transverse 
rotation during single-leg land). 
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Table 7-6. Combined Intraclass Correlation Coefficients (ICC) for kinematic 
measurements.  
 Intraclass Correlation 
Coefficient (95% CI) 
Pooled Standard 
Deviation 
Standard Error of 
Measurement 
Minimal Detectable 
Change 
Bilateral Stance 
Sagittal Rotation .59 (-.28-.87) 3.8 2.4 6.7 
Frontal Rotation .59 (-.29-.87) 1.2 0.8 2.1 
Lumbar Lordosis .92 (.74-.97) 3.4 1.0 2.7 
Knee FPPA .83 (.63-.92) 1.9 0.8 2.1 
Single-Leg Stance 
Sagittal Rotation .82 (.60-.92) 1.8 0.8 2.1 
Frontal Rotation .84 (.67-.93) 1.2 0.5 1.3 
Transverse Rotation .65 (.24-.84) 2.5 1.5 4.1 
Lumbar Lordosis .68 (.30-.85) 2.0 1.1 3.2 
Knee FPPA .72 (.39-.87) 1.1 0.6 1.6 
PKI .83 (.64-.92) 3.1 1.3 3.5 
Single-Leg Squat 
Sagittal Rotation .75 (.45-.88) 2.7 1.4 3.8 
Frontal Rotation .87 (.72-.94) 1.4 0.5 1.4 
Transverse Rotation .77 (.50-.89) 3.1 1.5 4.2 
Lumbar Lordosis .76 (.48-.89) 2.9 1.4 3.9 
Knee FPPA .84 (.64-.92) 2.9 1.2 3.2 
PKI .79 (.54-.90) 4.1 1.9 5.3 
Single-Leg Land 
Sagittal Rotation .72 (.39-.87) 3.9 2.1 5.8 
Frontal Rotation .84 (.66-.93) 1.7 0.7 1.8 
Transverse Rotation .59 (-.03-.78) 4.1 2.6 7.3 
Lumbar Lordosis .68 (.31-.85) 3.6 2.0 5.6 
Knee FPPA .86 (.70-.94) 3.2 1.2 3.3 
PKI .79 (.55-.90) 3.8 1.7 4.8 
Angles during dynamic tasks expressed as angular displacement from bilateral stance reference position. Pooled Standard Deviation, 
Standard Error of Measurement and Minimal Detectable Change expressed in degrees. 
 
 
7.4 Discussion 
This study investigated the utility of the 2D method as a measurement tool in a clinical population. 
The findings addressed the three study aims and hypotheses. Firstly the study demonstrated some 
differences in lumbo-pelvic-hip complex motion could be detected with the 2D method between 
individuals with and without CLBP that was more evident in individuals with unilateral symptoms 
versus pain-free controls. Secondly, findings demonstrated that greater amplitudes of motion 
observed in some 2D kinematic measures were associated with greater severity levels of pain, 
disability, or fear of movement in the CLBP group.  And lastly, the kinematic measurements 
derived from the 2D measures during the movement performance tests performed in this study, 
demonstrated acceptable between-session measurement reliability.   
7.4.1 Kinematic Differences between Groups with and Without CLBP  
This study has shown that the kinematic measures derived from the 2D method were able to detect 
differences in lumbo-pelvic-hip complex motion in those with and without CLBP, comparable with 
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previous studies using 3D motion capture. In particular, when individuals with unilateral symptoms 
were considered as a sub-group, a number of significant differences were seen between groups. 
While some clinical interpretation of the findings in those with unilateral CLBP can be made, 
interpretation needs to be undertaken with caution. Substantial variation in movement behaviour 
may exist between individuals with CLBP. Furthermore, aberrant movement control in those with 
CLBP may potentially manifest as increased (uncontrolled motion) [126, 281] or decreased (gross 
bracing mechanisms and rigidity) motion [282]. These potentially polarised manifestations of 
aberrant movement strategies make comparisons between identified movement patterns in this 
current CLBP sample, to those reported in other CLBP samples, very difficult. Irrespective, this 
novel 2D method does appear to have the capacity to show differences in lumbo-pelvic-hip complex 
movement control in those with and without CLBP, that appear to be relevant to other clinical 
parameters of the disorder (back pain, disability, fear of movement). Overall the findings suggest 
that this 2D method may be a viable substitute for the gold standard 3D methods in the clinical 
setting.  
A consistent finding across all three movement tasks in the individuals with unilateral CLBP 
compared to pain-free controls was the increase in the PKI (combined movement of the pelvis). 
These differences in PKI were evident on the symptomatic side in individuals with unilateral CLBP 
(significant for single-leg stand and single-leg land, and approaching significant for single-leg squat 
(p=0.059)). Other studies using similar measures have also demonstrated decreased pelvic stability 
in individuals with CLBP [229]. This may be reflective of a number of potential underlying 
mechanisms. For example, increased total movement of the pelvis in individuals with unilateral 
CLBP may be associated with resultant excessive movement of the lumbo-pelvic junction, thereby 
increasing potential strain in this clinical group. This potential mechanism is illustrated by anterior 
tilt of the pelvis in standing leading to an associated increase in lumbar lordosis [283]. However, the 
results demonstrated no group differences in lumbar lordosis during any of the movement control 
tasks. This suggests that in the sagittal plane at least, increased pelvis movement was not associated 
with changes in lumbar lordotic angle. 
Alternatively, increased motion of the pelvis may be a protective strategy whereby increased 
movement of the pelvis together with the trunk minimises the need for excessive movement of the 
lumbar spine. Other research has utilised a kinematic index of body segments (sum of movement 
around all three axes for the body segment) collected over 20 seconds of single-leg stance [229, 
284]. Pain-free controls demonstrated greater pelvic stability compared to individuals with CLBP 
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[229], however another study demonstrated that lumbar stability was unchanged [284]. Although 
this reflects a measure of stability throughout the duration of the task rather than angular 
displacement at a distinct point during the task, the results of our study may imply a tendency to 
rely on movement of the pelvis together with the trunk as a mechanism to protect the lumbar spine. 
It is known that individuals with CLBP demonstrate guarding strategies to reduce lumbar spine 
movement during a number of functional tasks. For example, during gait individuals with CLBP 
walk at a slower pace [8], while coordination of rotation of the thorax and pelvis is less out of phase 
[8, 9, 79], suggesting a protective strategy. However, trunk movement was not assessed in this 
study and warrants further investigation. 
Altered balance strategies may be another potential mechanism contributing to individuals with 
unilateral LBP exhibiting greater movement of the pelvis during weight bearing tasks on the 
symptomatic side. Given that all three tasks were undertaken on a single-leg with upper limbs 
crossed, increased balance requirements may lead to greater movement in individuals with 
unilateral LBP. It is known that individuals with CLBP demonstrate reduced proprioception [285, 
286] and balance ability [287-289]. Linear regression modelling in work by Sung et al. indicated a 
strong relationship between pelvis movement and balance ability for individuals with CLBP and 
pain-free controls. [230]. A larger PKI may therefore be indicative of poorer balance control during 
these tasks. Intuitively, one would expect these changes to be more evident on the symptomatic side 
of individuals with unilateral low back pain. 
The results also demonstrated increased anterior pelvic sagittal rotation excursion during single-leg 
stance for both unilateral CLBP, and the total CLBP sample for right sided single-leg stance. As no 
group differences in lumbar lordosis were demonstrated during single-leg stance, this suggests that 
anterior pelvic sagittal rotation may have been associated with a corresponding forward trunk lean 
in order for the lordotic angle to remain unchanged. As the single-leg stance task was performed 
with predominantly knee flexion of the non-weight bearing lower limb, the increase in anterior 
pelvic sagittal rotation may reflect a balance strategy facilitating equilibrium of the centre of mass 
by movement of the trunk anteriorly in order to counter the posterior movement of the free lower 
limb. However these differences were only apparent for the right side. As the sample was 
predominantly (~90%) right side dominant, this may also reflect a dominance phenomena. There is 
evidence that kinematic performance of single-leg stance may differ between the dominant and non-
dominant leg in individuals with CLBP [230] and as such differences on the right side only may in 
part be explained by this. 
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The finding of evidence of increased pelvic transverse rotation among individuals with unilateral 
CLBP during single-leg squat and single-leg land is consistent with other studies demonstrating 
increased lumbopelvic rotation in individuals with CLBP during movement control tasks [126]. 
Maximal between-side pelvic transverse rotation for both tasks, and pelvic transverse rotation on 
the non-symptomatic side during single-leg squat, were found to be significantly greater in 
individuals with unilateral CLBP (interpreted as increased posterior transverse rotation movement 
of the pelvis on the non-weight bearing side) compared to pain-free controls. Interestingly, this was 
not found on the symptomatic side. Transverse rotation of the pelvis during unilateral weight 
bearing tasks is seen as a potential indication of weak gluteal musculature [33], and gluteus medius 
weakness has been previously reported as a feature of individuals with CLBP [179]. Increased 
pelvic transverse rotation during unilateral weight bearing may reflect a movement strategy of 
increased Tensor Fascia Latae activity in the presence of gluteal weakness through a relatively 
externally rotated hip position [290]. A study by Scholtes et al. found individuals with CLBP 
demonstrated increased and earlier onset of lumbo-pelvic transverse rotation during lower limb 
movements in the prone position [126], and similarly to the findings of this study, increased pelvis 
rotation was not accompanied by increase in pelvic sagittal rotation. Scholtes et al. concluded that 
this potentially suggests that increased pelvic transverse rotation is related to aberrant 
neuromuscular control rather than biomechanical restriction in movement (such as, for example 
limited hip extension, tight rectus femoris muscle). 
 Interestingly, no significant differences were found between groups during movement tasks for 
pelvic frontal rotation or lumbar lordosis angular displacement. This concurs with other research 
demonstrating a lack of difference in frontal plane pelvis motion between a CLBP population and 
pain-free controls during single-leg stance [179]. In this previous study, clinician based assessment 
of pelvic frontal rotation and/or anterior pelvic sagittal rotation were the basis of a positive test. 
Further, no significant differences were found for pelvic frontal rotation for a step down task [291] 
between CLBP and pain-free controls. This may be indicative of two different compensatory 
movements during these tests. Potentially gluteal weakness may manifest as elevation of the 
contralateral pelvis with associated lateral trunk shift (i.e. reverse Trendelenburg) to reduce demand 
on the weight bearing gluteus medius [292], or alternatively as frontal plane depression of the 
contralateral pelvis. Thus, aberrant movement may vary its presentation with a resultant washout 
effect on the overall sample findings. Similarly, aberrant lumbar movement in the sagittal plane 
during tests may not be evident as some could be in the direction of either flexion or extension (i.e. 
reduction or increase in lordotic angle). Potentially these issues may not be addressed by sub-
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grouping on the basis of unilaterality of symptoms alone, and further research is warranted utilising 
other sub-grouping classification systems.  
The findings of a lack of significant differences between CLBP and pain-free controls when CLBP 
were analysed as a total group (with the exception of pelvic sagittal rotation during single-leg 
stance, left knee FPPA during bilateral stance, and pelvic transverse rotation during left single-leg 
land) is interesting. This shows some consistency with other literature investigating similar 
kinematic measures in CLBP during similar tests. Previous studies have failed to identify 
differences between CLBP and pain-free controls during single-leg stance [179], while no group 
differences in pelvic kinematics were  found during a step down task [291]. Potentially, such 
findings reflect the heterogeneity of the CLBP population, with contrasting movement patterns and 
compensation mechanisms among individuals leading to the potential for a wash-out affect when 
analysed as a heterogeneous group [254].  
7.4.2 Correlation of kinematic measures with self-reported clinical measures 
This study has further indicated the potential clinical utility of the kinematic measures derived from 
the 2D method during the movement control tests, by showing their relationship with other 
clinically relevant measures. Interestingly, these relationships between kinematics and self-reported 
CLBP parameters were more evident for the lower extremity measures rather than the lumbo-pelvic 
region. The results demonstrated consistent findings of moderate to strong correlation between self-
reported pain, disability, and fear of movement, with frontal plane alignment or angular 
displacement of the knee. Of the 14 variables demonstrating moderate to strong correlation to self-
reported measures, 10 (71%) involved the knee FPPA variable. In all of these, increased valgus 
FPPA alignment or angular displacement during the task was correlated with greater pain intensity, 
disability or fear of movement. Somewhat surprisingly, although a number of correlations with 
FPPA and self-reported measures were found, only left frontal plane knee alignment in bilateral 
stance demonstrated significant kinematic differences between CLBP and pain-free controls. The 
knee FPPA in 2D provides an indication of dynamic valgus of the knee, a movement characterised 
by pelvic frontal rotation, femoral internal rotation and adduction, genu valgum, tibial internal 
rotation, and foot hyper-pronation [201]. Increased 3D measured frontal plane knee movement has 
been demonstrated in the CLBP population during a bilateral bending task [263], and a unilateral 
step down task [291], however 3D measured frontal plane knee angle has shown weak association 
with 2D FPPA during a single-leg squat [235]. Further, both of these tasks placed somewhat 
different demands on the pelvis compared to the movement tasks considered in this study. 
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Correlation between 2D measured FPPA and pelvic angular displacement in the frontal and 
transverse planes has been demonstrated during the single-leg squat [235], while neuromuscular 
training intervention that improved FPPA during a single leg step down also led to changes in 
pelvic angular displacement in all planes [240]. In this current study the association between 
increased 2D knee FPPA with greater disability, pain intensity and fear of movement in the absence 
of significant differences between individuals with LBP and pain-free controls, may indicate that 
variation in movement of the pelvis (e.g. pelvis transverse rotation, PKI) is a mediating factor in the 
resultant knee FPPA, which may subsequently impact their reported symptoms. However further 
clarification of this relationship is beyond the scope of this study and warrants further investigation.  
Overall the presence of observed relationships between the magnitude and direction of the 
kinematic measures and the self-reported clinical measures suggests that these detected kinematic 
markers of aberrant motion control appear relevant to the clinical presentation. While interpretation 
is difficult the findings add a further layer of confidence as to the clinical utility of these measures 
in the CLBP population. Future studies will also need to determine if changes in these kinematic 
measures in response to training accompany concurrent changes in the self-reported clinical 
parameters to further justify their clinical utility.  
7.4.3 Measurement Reliability 
Reliability coefficients for the 2D method are comparable to those observed in three other studies 
investigating the inter-session reliability of 2D measurements specific to the movement control tests 
studied in this thesis. Frontal plane alignment of the knee has demonstrated between-session 
reliability ranging from ICC 0.72-0.88 during single-leg squat [147, 187] and ICC 0.8-0.82 during 
single-leg land [147].  This is consistent with the between-day reliability of knee FPPA found in 
this study (ICC 0.72-0.86). Consistent with our findings, lumbar lordosis during static standing has 
demonstrated between-day reliability ranging from ICC 0.85-0.90, while reliability of pelvic sagittal 
rotation was higher than our results (ICC 0.8-0.85) [261].  
There is some discrepancies between the 2D reliability coefficients in this study and those reported 
for 3D methods in other studies, however variation in some technical aspects of the measures and 
movement control tests used make direct comparisons of reliability with these other studies 
challenging. However 3D measured kinematics of the pelvis using an electromagnetic tracking 
system demonstrated higher reliability during a single-leg squat (pelvic sagittal rotation ICC 0.75 
vs. ICC 0.95, pelvic frontal rotation ICC 0.87 vs. ICC 0.95, pelvis transverse rotation ICC 0.77 vs. 
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ICC 0.91) but larger calculated MDC values (pelvic sagittal rotation 3.8° vs. 5.7°, 1.4° vs. 3.3° 
pelvic frontal rotation , 4.2° vs. 4.7° pelvic transverse rotation) compared to this current study 
[193]. Another study demonstrated excellent reliability using 3D motion capture (peak angular 
kinematics) during a single leg small knee bend for pelvis frontal rotation (ICC 0.94-0.98) and 
pelvis transverse rotation (ICC 1.00) [293], with mean typical error of 1.4 and 1.6 degrees, 
respectively. The use of a universal goniometer to quantify pelvis-on-femur angle during single-leg 
stance demonstrated between-session reliability of ICC 0.58 and MDC of 4° [180]. While not an 
identical measurement, pelvis frontal rotation during single-leg stance in this study demonstrated an 
ICC of 0.87 with an MDC of 1.4°.  
From a practical perspective the reliability findings of this study have some implications for the 
interpretation of the measured kinematic variables. MDC values for each kinematic variable 
measured were smallest for single-leg stance and greatest during single-leg land. This suggests that 
increased variance in performance may be associated with greater task complexity and faster more 
dynamic movements of the land task, compared to the stance task. In contrast however, no such 
trend was found for the PKI (combined sum of pelvis movement), with greatest MDC values during 
the single-leg squat. This may reflect a compensatory strategy whereby variance in movement in the 
primary plane of movement (i.e. pelvic sagittal plane rotation during single-leg land) leads to 
changes in accessory planes of movement (i.e. pelvic frontal and transverse rotation) in order to 
preserve equilibrium. Subsequently, while reduced reliability may be evident across individual 
planes of movement, the PKI may remain relatively consistent. Coordinated movement of 
individual planes of the pelvis movement may facilitate preservation of the position of the body’s 
Centre of Mass [294], or alternatively facilitate counter-rotation of the trunk and the free lower limb 
[295] which are known contributors to single-leg balance [296].  
Reliability is affected by a number of factors. Individual variation in human performance is one 
source of measurement error. Methodological and technical issues regarding artefact introduced by 
soft tissue movement, alterations in marker placement, and differences in measurements between 
clinicians, are also potential sources of error that will influence repeatability of measurements [297-
299]. Errors due to lack of sensitivity of the measurement system will also affect the consistency of 
measurements. For example the least reliable angle measurements included pelvic sagittal rotation 
and pelvic frontal rotation in bilateral stance. Measurements during other tasks were calculated as 
angular excursion (measured angle during each task minus measured angle in the reference bilateral 
stance position). Higher consistency of these measures potentially indicates that while movement 
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patterns themselves were consistent, errors associated with marker placement may be a significant 
variable accounting for decreased reliability when assessing bilateral stance. This was most 
pronounced for pelvic sagittal rotation with an associated MDC of 6.7°. Due to the reduced 
projected linear distance between ASIS and PSIS markers in the sagittal plane compared to ASIS 
markers in the frontal plane, variation in marker placement will lead to correspondingly greater 
changes in measured angle. A study by Schache et al. found poor between-day repeatability of 
anterior pelvic sagittal rotation during treadmill running, with between-day maximum Root Mean 
Square difference in calculated pelvis sagittal rotation angle discrepancies of 4.0° [300]. In that 
study between-session discrepancies of up to ±8.4mm were found when palpating mid-PSIS 
location, leading to a calculated ±3.7° in potential difference in pelvic sagittal rotation due to 
palpation error of mid-PSIS alone.   
Finally, while significant differences were found between the back pain and healthy control groups 
in this study, it is acknowledged that some of these differences were less than the calculated 
Minimal Detectable Change for these kinematic variables. In particular, pelvis transverse rotation 
during single-leg land (mean difference -5.5°) was less than the calculated MDC for this variable 
during this task (7.3°). Subsequently, some of the statistically significant findings should be 
interpreted with caution, as the difference was somewhat less than that deemed necessary to 
interpret clinically important difference. Pelvis transverse rotation during single-leg land also 
demonstrated the lowest reliability (ICC 0.59) which may indicate that this measure may not be 
adequate for clinical use during this task. This is perhaps not surprising as movements in the 
transverse plane are generally smaller and therefore may be more susceptible to measurement error 
related to limitations of the measurement system. 
7.4.4 Limitations 
There are some limitations to this study. Slight differences existed in the proportion of males and 
females between CLBP (60% female, 40% male) and pain-free controls (54% female, 46% male). 
Kinematic differences are known to exist between sexes during some of these tasks [3, 138, 203], 
and although sex differences between groups were not statistically significant, this may present a 
confounding variable in interpretation of the results. Similarly, slight albeit non-significant 
differences in lower limb dominance existed across groups which may also impact between-side 
performance [229]. 
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Trunk movements were not assessed in this study. While the value of including concurrent 
assessment of trunk motion during movement control tests of the lower limb is recognised [119, 
174, 203] it was beyond the scope of this study to examine. The validation aspect of the study was 
primarily concerned with kinematic variables of the pelvis and lower limb. Future studies would 
ideally examine the reliability and validity of 2D videographic measurements of trunk motion and 
its relationships to movement of the pelvis during these tasks. 
Finally, it should be noted that the findings of this study are specific to i) the method of 2D motion 
capture and analysis used; ii) the movement control tests examined; iii) the particular kinematic 
measurements and parameters used. Subsequently, the findings of this study are not necessarily 
directly transferable to other motion control tests or 2D methods of motion capture. Further research 
using these kinematic measurements during different movement control tests are necessary to 
increase the generalizability of these findings. 
 
7.5 Conclusion and implication of the findings for the thesis 
This study has shown that 2D kinematic measures can detect differences in performance between 
individuals with and without CLBP during movement control tests of the lumbo-pelvic-hip 
complex. Furthermore these measures have acceptable measurement reliability and appear to have 
relevance to other clinical parameters of CLBP. While heterogeneity of the CLBP population may 
make detection of aberrant movement control challenging, detection of aberrant movement is 
improved when analysing only those with unilateral LBP. This sub-group demonstrated consistent 
evidence of an increased PKI on the symptomatic side, and pelvis transverse rotation during the 
more dynamic movement tests. Clinicians should be aware that altered pelvis movement patterns 
exhibited by individuals with unilateral LBP during movement control tests of the lumbo-pelvic-hip 
complex may be quantified with clinically assessable 2D methods of motion capture. This is of 
potential clinical utility as these aberrant movement patterns appear to be related to patient-reported 
pain, disability and fear of movement. In the following chapter, the broader implications of the 
findings of this study, in combination with findings from Studies 1-3 will be discussed regarding 
the use of 2D measurement methods in the evaluation of motion of the lumbo-pelvic-hip complex 
that also has implication for its use in other regions of the body. 
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Chapter 8. Discussion and future directions 
 
This thesis described the refinement and explored the validity of a 2D motion capture method for 
quantifying lumbo-pelvic-hip complex motion in a clinical population. This chapter aims to 
synthesise and consolidate the thesis findings within the context of the use of 2D motion capture 
methods in the clinical setting. 
 
8.1 Main findings of the thesis relevant to the thesis aims 
The use of outcome measures to guide diagnosis and management decisions is a contemporary 
focus in the rehabilitation of musculoskeletal disorders such as CLBP. One of the cornerstones of 
patient evaluation and rehabilitation approaches underlying painful movement disorders such as 
CLBP is the control of movement. In CLBP in particular, there has been strong emphasis on 
developing clinical measures of motion of the lumbo-pelvic-hip region to better inform assessment 
and rehabilitation strategies [301-304]. Attributes considered important in the uptake of measures in 
the clinical setting is that they are accessible (i.e. cost sensitive and acquirable) and user-friendly 
[305]. However, measures also need to be valid with regard to measurement accuracy, reliability, 
diagnostic capacity and relevance to the clinical condition, as well as responsiveness to meaningful 
change in clinical status in response to management strategies [306, 307]. While 2D motion capture 
methods appear to be accessible and user friendly (as evidenced by their increasing use in practice 
using commonplace camera systems (SLR, smart phone, webcam)), evidence concerning their 
validity remains scant. The overall intent of this thesis was to address some of these validity issues. 
It is beyond the scope of a single doctoral thesis to address all aspects of validity relevant to 2D 
motion measurement. Instead the thesis focused on addressing 2D methodological issues 
concerning the measurement of pelvic transverse rotation, as well as exploring measurement 
accuracy, reliability, and relevance to the clinical condition of CLBP.  
Overall the findings of the thesis addressed the thesis aims outlined in Chapter 2 – 
Findings relevant to Aim 1: Firstly the systematic review (Study 1) in Chapter 3 justified that 
quantitative measures (and importantly 2D methods) of lumbo-pelvic-hip complex motion were 
potentially advantageous compared to subjective clinician rating of performance. Overall there was 
limited evidence for moderate to substantial reliability of subjective clinician ratings [97-99, 117, 
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119, 163-165, 189, 190] while there was strong evidence for excellent reliability of a number of 2D 
quantitative measures of performance, albeit for the lower limb and trunk, not the pelvis [118, 119, 
143, 147, 162, 163, 186-188]. This highlighted the need for refinement of clinically accessible 
quantitative methods of assessing motion of the lumbo-pelvic-hip complex and a more 
comprehensive evaluation of their measurement properties.  The systematic review also 
demonstrated some, but an overall limited lack, of evidence linking kinematic motion measures of 
the lumbo-pelvic-hip complex to other measures of gluteal function (for which they are often 
touted). This reinforces that many factors other than just impairment of a single muscle group (i.e. 
the gluteals) may impact on these quantified kinematic measures (e.g. pain, disability, fear of 
movement) and that the relevance of aberrant motion to the broader clinical picture of conditions 
such as CLBP needs further exploration (Chapter 7).  
Findings relevant to Aim 2: Chapter 2 had highlighted a limitation of 2D methods of assessing 
pelvic rotation in the transverse plane indicating that this aspect of the method needed refinement. 
In Study 2 (Chapter 4) it was demonstrated that simple algorithms applied to measurements derived 
from images from video cameras positioned in the frontal and sagittal planes, could provide 
measurements of pelvis rotation in the transverse plane within acceptable margins of error. Two 
methods based on the measurement of projected linear distances in either the sagittal or frontal 
plane were considered, and the accuracy of each method in particular ranges of pelvic transverse 
rotation were demonstrated. The necessity of using two cameras simultaneously in order to correct 
for known movement along and around other axes was highlighted. On the basis of Study 2 
findings, recommendations regarding the use of this novel 2D video method of lumbo-pelvic-hip 
motion capture (including factors regarding camera settings and camera position) were outlined. 
Findings relevant to Aim 3:  Study 3 (Chapter 6) demonstrated excellent agreement between the 
novel 2D method of motion capture and a gold standard 3D measure across three planes of pelvic 
rotation motion during three movement control tests (ICCs .76-.97), with RMSE ranging between 
0.8-3.0°. Bland-Altman Plots highlighted that while average error was low across all kinematic 
measures, 95% Limits of Agreement for some variables were higher (e.g.-6.2° for pelvic rotation 
during right single-leg squat), indicating some individual variation in agreement. Given that angular 
displacement for some of these tasks were low (ranging from 1° to 10°) the capacity to capture 
smaller changes in pelvis movement may be impacted. Importantly the 2D method showed 
comparable within-session reliability to that of the 3D method. Both methods demonstrated 
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moderate to excellent within-session reliability for all measures except for poor reliability of pelvic 
transverse rotation during left single-leg land. 
Findings relevant to Aim 4: To compliment the within-session reliability demonstrated for the 2D 
method in Study 3 (Chapter 6), the between-session reliability of kinematic measures derived from 
the novel 2D method during the performance of motion control tests of the lumbo-pelvic-hip 
complex was evaluated in Study 4 (Chapter 7). Overall the kinematic measures using this 2D 
method demonstrated moderate to excellent between-session reliability (ICCs .50-.87) with 
Minimal Detectable Change scores ranging from 1.3° to 7.3°. 
Findings relevant to Aim 5: Study 4 (Chapter 7) also considered whether kinematic differences 
could be detected between individuals with CLBP and pain-free controls using the novel 2D motion 
capture method. The findings indicated that as had been demonstrated previously using gold 
standard 3D methods, the 2D method could detect differences. Significant kinematic differences 
were found between individuals with CLBP and pain-free controls during bilateral stance (knee 
FPPA) and single-leg stance (pelvic sagittal rotation angle). When only individuals with unilateral 
symptoms were considered, consistent findings of increased pelvic sagittal rotation during single-
leg stance, increased pelvic transverse rotation during single-leg squat and single-leg drop, and 
increased PKI during single-leg stance and single-leg drop were evident in the CLBP group.  
Findings relevant to Aim 6: Study 4 (Chapter 7) further examined the clinical relevance of the 
kinematic measures derived from the novel 2D method by determining their relationship with other 
clinically meaningful measures. Moderate to strong statistically significant correlations were 
observed between self-reported measures of pain intensity, disability and fear of movement, and a 
number of kinematic variables. These findings indicate that not only are the measurements 
generated from the 2D method able to detect differences between those with and without CLBP, but 
also that these measures of aberrant motion control appear relevant to the clinical presentation.  
8.1.1 Implications of main thesis findings 
Overall the findings of the thesis provide some grounds for this novel and clinically accessible 2D 
method to be considered as a valid, reliable, and clinically relevant, measure of lumbo-pelvic-hip 
motion in the CLBP population. It is also noteworthy to reiterate that there are many other validity 
aspects of this method to consider that were not in the scope of this thesis. These factors include 
other measurement properties such as the responsiveness of the methods measures to a change in 
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performance following rehabilitation, and the relationship of measurement change to improvements 
in other clinical presentation parameter (i.e. changes in pain, disability, fear of movement),     
 
8.2 Implications of the thesis for use of 2D video capture methods and recommendations for 
use 
8.2.1 Technical Considerations and Measurement Validity 
A key advantage of using 2D motion capture as a method of quantifying movement in clinical 
settings is its ease of use and clinical accessibility. A report released in June 2017 found that 
worldwide there were 3.9 billion smart phone subscriptions in 2016 [116]. Although this does not 
exactly represent smart phone subscribers (some subscribers may have multiple subscriptions due to 
owning a number of devices) it highlights the increasing prevalence of access to handheld devices 
with video capture capability. While this presents an obvious advantage for incorporating 2D video 
motion capture into clinical settings, the inherent limitations of the motion capture need to be 
clearly understood. All lenses will produce distortion to a certain extent, but particularly so with 
wide angle lenses where distortion is generally more evident at the edges of the image and when the 
subject is a short distance from the lens. The focal length used on cameras throughout this thesis 
was 18mm. The cameras used (Canon 600D, Tokyo, Japan) have an 18 megapixel APS-C sensor 
with a crop factor of ~1.6 [308], indicating that the focal length equivalent on a full frame camera 
sensor is about 28mm. This is the equivalent of many smart phone camera sensors such as the 
Apple iPhone 7 (Apple Inc, Cupertino, CA) which has a 4mm focal length, equivalent to 28mm on 
a full frame sensor [309]). While the thesis supports the use of 2D quantitative methods, it is 
important to recognise that the focal length used was at a range likely to cause some distortion. It is 
therefore important that positioning of the camera and subject with regards to potential lens 
distortion is replicated (i.e. the subject should be placed at the centre of the image at a distance of at 
least 3 metres from the camera). 
Secondly, as demonstrated in Study 2 (See Chapter 4), projected linear distances between 
landmarks are susceptible to change when movement occurs along and around other axes. 
Measurement error can subsequently be introduced if the camera is not positioned orthogonal to the 
region of interest. As between-session reliability for some kinematic variables measured in Study 4 
(see Chapter 7) were only moderate with subsequent higher MDCs, it is imperative that further error 
is not introduced by altered camera position. Ideally, cameras mounted on a tripod at the height of 
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the region of interest and set perpendicular to the plane of interest will optimise the accuracy and 
consistency of measurements. 
Thirdly, other camera factors such as lens aperture and video recording frame rate may impact the 
accuracy of 2D video capture. In particular, inadequate video recording frame rate during faster, 
more dynamic tasks such as single-leg drop may lead to blurring and subsequent difficulty in 
localising markers. Results from Study 4 (see Chapter 7) indicated that individuals achieved 
maximum knee flexion within the first 0.20 seconds from initial landing. At a frame rate of 25fps 
this would lead to a maximum 5 frames across the entire landing phase of the task. Subsequently, 
tasks performed at higher speeds should be recorded at a minimum of 50fps. 
The results of Study 3 (see Chapter 6) found excellent agreement between 2D measures and those 
taken with a gold standard 3D motion capture system. While RMSE for all kinematic variables 
across all tasks was low (maximum 3.0°), Bland-Altman plots demonstrated that there was some 
individual variation, with 95% Limits of Agreement up to a maximum of -6.2° across all tasks. 
While potential sources of disagreement could be explained apart from measurement error of the 2D 
measurement process (e.g. slight errors in synchronisation of systems) the results indicate that there 
may be limitations in the precision of measurements made from 2D video capture compared to a 
gold standard 3D motion capture system. 
8.2.2 Alternative methods of Motion capture 
As outlined in Chapter 2, traditional camera based 3D systems represents the reference standard 
with respect to motion capture [100]. However utilisation in clinical settings remains problematic 
due to associated cost, time and space constraints. Since the commencement of this doctoral thesis, 
inertial measurement units (IMUs) have been increasingly utilised as an alternative method of 
motion capture in research settings. These units have clear potential for clinical use as they are a 
relatively cheaper option compared to 3D motion capture and are capable of measuring rotation 
around all three axes. However, IMUs still represent an emerging technology and accuracy still 
remains an issue [109-111]. As already indicated, uptake of outcome measures in clinical practice is 
dependent on accessibility and ease of use [305]. While IMUs have the advantage of size, 
portability and wireless capability [108, 109], a lack of familiarity and access to the technology 
remains likely barriers to their use in a clinical setting in the near future. It is recognised however 
that both IMUs and 2D videographic methods (as evaluated in this thesis) have their lowest 
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accuracy for pelvic rotation in the transverse plane. It is therefore possible that as the cost and 
accuracy of IMUs improve, their clinical use may supersede that of 2D videographic methods.  
 
8.3 Thesis implications for the clinical management of chronic low back pain 
8.3.1 The capacity to quantify motion 
This thesis has demonstrated that a refined method of 2D motion capture provides valid and mostly 
reliable measures of motion during movement control tests of the lumbo-pelvic-hip complex. The 
key benefit of this motion capture system is that it is an easily accessible clinical tool, particularly if 
only considering a single plane of interest. The assessment of multiple planes by necessity requires 
multiple synchronised cameras. However while the software used throughout this thesis was 
effective, manual digitisation of landmarks is a time consuming process. In order to facilitate 
routine use of 2D motion capture in clinical settings, software improvements that enable 
streamlining of the process is desirable. Due to the time consuming process, quantification of pelvic 
motion was also limited to assessment of a single time point rather than measurement of motion 
throughout a task. This has obvious limitations for more dynamic movement patterns where discreet 
time points are less likely to be illustrative of the body segment’s kinematic performance 
throughout the whole task. Emerging clinically available software enables semi-automated tracking 
of markers (e.g. Kinovea [310, 311]) which may provide the capability to feasibly quantify pelvic 
motion throughout a movement control task. 
The overall thesis presents a refined method of quantifying body segment motion during movement 
control tests of the lumbo-pelvic-hip complex. In particular, the validation of a method to quantify 
pelvic transverse rotation provides the potential for valuable insight into pelvis motion during these 
tests. Given that aberrant motion of the pelvis around the transverse plane during movement tasks 
has been demonstrated to be a feature of individuals with CLBP [9, 51, 82, 126], this has 
implications for the clinical assessment and management of individuals with this condition. Some 
subjective measures of movement control include pelvis rotation as an indicator of performance [97, 
189], however due to the small magnitude of angular excursion generally exhibited during these 
tasks, aberrant motion of the pelvis around the transverse plane may not be readily apparent based 
on visual assessment alone . A previous study used 10° of hip adduction as an observable entity by 
visual judgment for subjective assessment [312] during movement control tasks. Given that mean 
pelvis transverse rotation values during the movement control tests in this thesis did not exceed 
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±10.9°, this potentially indicates that assessment of pelvis transverse rotation using visual 
judgement alone may not be adequate to identify aberrant rotation. Subsequently, the need for more 
robust, quantifiable methods is apparent. 
8.3.2 Movement control tests in chronic low back pain 
The results of this thesis demonstrated some variability of kinematic measures for both within and 
between-day reliability, particularly for faster, more dynamic tasks. This poorer reliability for the 
more complex faster dynamic movement control tests (i.e. landing test) potentially reflects greater 
measurement error on the basis of greater variation in movement exhibited by participants, between 
performances of these more difficult tests. Knowledge concerning these different potential sources 
of error has implications for the use of movement control tests in clinical practice. Awareness of 
potential sources of decreased consistency of measured motion (i.e. natural variation in 
performance, measurement error, and soft tissue artefact) will allow clinicians to make more 
informed decisions regarding the interpretation of test outcomes. The results of between-session 
reliability assessed in Study 4 (see Chapter 7) indicated that although all kinematic variables 
demonstrated moderate to excellent reliability, minimal detectable change for measures of lumbo-
pelvic-hip complex motion ranged from 1.3° to 7.3°. This indicates that for some measures of 
lumbo-pelvic-hip complex motion, larger changes in performance are required in order to infer that 
a real change has occurred in response to treatment, or that real changes exist between different 
groups. This further highlights the need for more accurate, quantifiable methods of assessment in 
order to minimise changes in reliability scores due to measurement error of the system used. While 
there is evidence that subjective ratings of performance may be suitable for slower, more static tasks 
[27], faster and more dynamic tasks should ideally be assessed using quantitative methods, both due 
to the increased complexity of movements, and the higher variability in performance.  
A further implication arising from the thesis in terms of clinical management of CLBP is the need 
to recognise the integral role of the pelvis around all three axes and the importance of lower 
extremity knee valgus movements. No kinematic differences in lumbar lordosis angular excursion 
were found for either the total sample of CLBP, or a more homogenous sample of individuals with 
unilateral symptoms. However, the results consistently demonstrated changes in pelvic sagittal 
rotation, pelvic transverse rotation, or PKI. While these results may be indicative of a number of 
underlying mechanisms (e.g. guarding of the lumbar spine, altered balance strategies), the findings 
supports the evaluation of pelvis motion as a key component of assessment of individuals with 
CLBP. The consistent findings of a correlation between lower extremity knee valgus and measures 
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of pain, disability, and fear of movement, also supports assessment of knee motion during 
movement control tests of the lumbo-pelvic-hip complex in individuals with CLBP. 
As is now widely acknowledged, individuals with CLBP are not a homogenous population, and 
distinct sub-groups based to varying degrees on impairment of movement control are often 
advocated [94, 302, 313]. Therefore, aberrant patterns of movement control identified in one 
individual do not necessarily reflect what will be observed in others with CLBP. Subsequently the 
development of treatment plans based on the identification of problematic movement behaviours 
specific to individual patients is required. This in turn further strengthens the need for clinically 
accessible tools to quantify motion of the lumbo-pelvic-hip complex from which individuals can be 
classified for targeted treatment methods.  
Finally, the choice of movement control test when assessing motor performance needs 
consideration. The movement control tests used throughout this thesis were unilateral weight 
bearing tests. Intuitively, one would expect these tests to demonstrate increased differences for 
individuals with unilateral symptoms, and this was illustrated in Study 4 (see Chapter 7). However, 
performance during each of these tests may reflect separate underlying mechanisms. The single-leg 
stance test is a less dynamic task with minimal changes in angular displacement. The systematic 
review found a lack of evidence associating pelvic drop during this task with gluteal muscle 
performance. Potentially aberrant lumbo-pelvic-hip complex motion during this task is reflective of 
a habitual motor strategy rather than a cognitively imposed movement strategy in response to 
dynamic task requirements. The single-leg squat task provides a more dynamic assessment of 
movement control with additional lower extremity requirements. Performance during this task may 
therefore be more indicative of underlying muscle control rather than elements of balance or 
habitual movement patterns. The single-leg land test is a faster more dynamic task that was unable 
to be completed by some participants in Study 4 (see Chapter 7). Higher variability of movement 
was also a feature of this test. Clinicians should consider being more selective in administering this 
test, and restrict it to younger or higher level functioning individuals.   
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8.4 Methodological Considerations and thesis limitations 
8.4.1 Technical considerations 
A key technical methodological consideration with respect to this thesis is the 2D camera setup. In 
particular, the distance of the subject from the camera (3 metres) was closer than some other 
reported studies (10 metres [147, 174]). A key methodological consideration was replicability of the 
2D motion capture in clinical settings where space is often a premium. Subsequently, a wider focal 
length (18mm) was also used, which is more susceptible to distortion and potential error in 
measurement of angles and linear distances. Although longer focal lengths (e.g. 24mm, 35mm) are 
potentially less susceptible to distortion, this would necessitate increased distance of the cameras 
from the subject (i.e. 4-5 metres). Further, as previously outlined, a focal length of 18mm is similar 
to modern smart phone lenses [308, 309] and therefore increase the potential application of this 2D 
motion capture method to other camera systems. However, while the results of this thesis 
demonstrated clinically acceptable levels of validity and reliability of measures of pelvic motion, 
these studies were performed in a standardised laboratory environment. In order to be fully 
informed as to the clinical utility of the 2D motion capture method, assessment of the replicability 
of the study findings in clinical settings is required. However the system setup in this study utilised 
a different sagittal camera depending on which lower limb was being assessed (see Figure 5-2), 
therefore requiring a space of at least 3m x 6m. In clinical settings this could easily be remedied by 
leaving the two cameras in place (i.e. frontal and sagittal) and then instructing the participant to 
rotate 90° to perform the tests on the other limb. In this way, the frontal camera for one side (e.g. 
left lower limb) then becomes the sagittal camera for the other side (i.e. right lower limb). This 
would limit the required space to a little over 3m x 3m which is more feasible in a clinical setting. 
8.4.2 Movement control test considerations 
The movement control tests assessed throughout this thesis were limited to consideration of 
unilateral weight bearing tasks. A feature of Study 4 (see Chapter 7) was an absence of significant 
between-group differences in sagittal plane lumbar motion. Potentially the assessment of dynamic 
bilateral tasks performed predominantly in the sagittal plane (e.g. trunk flexion, sit to stand, [12, 83, 
84]) may have identified differences in sagittal plane lumbar kinematics. Further, while the crossing 
of arms was deemed necessary in order to prevent potential obscurement of markers (e.g. anterior or 
posterior superior iliac spines in the sagittal plane), this is likely to have increased the balance 
134 
 
requirements of the tasks. Subsequently, this may have increased the likelihood of kinematic 
differences being influenced by altered balance strategies. 
8.4.3 Research design features 
A number of other studies utilising 2D motion capture methods in assessment of movement control 
tests have incorporated assessment of lateral trunk motion [119, 174, 186]. Clinically, lateral trunk 
flexion during single-leg stance over the stance leg is seen to be indicative of a strategy to decrease 
the contractile requirements of the stabilising hip abductors by shifting the centre of mass [292]. 
Alternatively, lateral trunk movement away from the stance leg (i.e. uncompensated Trendelenburg) 
may represent weakness of the hip abductors. Although the focus of this thesis was the 
measurement of motion of the lumbo-pelvic-hip complex, the lack of consideration of lateral trunk 
motion is a potential limitation to the overall findings, particularly in the frontal plane. Potentially, a 
lack of significant differences in pelvic frontal plane rotation found between groups in Study 4 
(Chapter 7) may be explained in part by different strategies employed in response to loading of the 
supporting limb (i.e. lateral trunk motion away or towards the stance side). 
Study 4 (see Chapter 7) found evidence of relationships between kinematic measures and patient 
self-reported measures of pain, disability and fear of movement. The cross-sectional study design 
however, meant it was not possible to infer whether kinematic differences were the cause or an 
effect of changes in self-reported measures. This would require a longitudinal study design to 
examine whether observed kinematic movement associated with greater severity of pain, disability 
or fear of movement are related to the development of CLBP. Alternatively the relationship 
between concurrent changes in the kinematic variables and self-reported measures in response to 
management strategies would be another mechanism by which to explore this association. 
Finally, while this thesis has explored the validity of 2D motion capture of the pelvis, it is 
acknowledged that high correlation with a gold standard (i.e. concurrent validity) is only one aspect 
of validation. Clinically, aberrant pelvis movement during these tests is seen as an indication of sub-
optimal neuromuscular control, which may include alterations in muscle behaviour, morphology or 
contractile capacity [33]. The relationship of 2D motion capture measures to other measures of 
motor performance (e.g. muscle force, electromyographic recordings, balance) is a further aspect of 
validity (i.e. construct validity) which requires further consideration. This is an avenue of 
investigation that is currently being explored by the candidate. 
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8.5 Future research directions 
A number of potential research directions are evident from this thesis. Future research could 
consider the impact of different videographic motion capture systems on the accuracy of measured 
pelvic motion. While the camera settings used throughout this thesis are similar to the standard 
focal lengths of smart phones and webcams, assessment of the impact of different lenses, focal 
lengths and distances from the subject could be informative from a clinical perspective with respect 
to the replication of accuracy using different camera hardware and setup. Ideally, knowledge 
regarding the robustness of the measure to differences in these settings could help clinicians make 
informed decisions regarding the use camera equipment within this methodology. 
As acknowledged above, assessment of pelvis motion during dynamic movement tasks was limited 
to unilateral weight bearing tasks. Other bilateral movements involving the trunk such as flexion or 
lifting tasks are commonly reported aggravating movements in CLBP [314] and there is evidence of 
altered movement and motor control strategies during these tasks [14, 84, 315]. These present 
relatively simple movement tasks whereby a 2D motion capture system may be informative. It is 
also well documented that individuals with CLBP exhibit altered gait characteristics, particularly 
with respect to coordinated movement between the trunk and pelvis [8, 9, 11, 81]. While technically 
challenging, rotation of the trunk relative to the pelvis could potentially be quantified using 2D 
motion capture methods during treadmill gait. By using a similar method of measuring projected 
linear distance employed in Study 2 (see Chapter 4) rotation of the trunk during gait (e.g. 
quantifying change in distance between the acromion and C7 spinous process) could feasibly be 
measured, and warrants further investigation.  
While Study 4 (see Chapter 7) examined a sub-group of CLBP with unilateral symptoms, other sub-
groups also need consideration. For example, other CLBP sub-groups have demonstrated evidence 
of altered lumbo-pelvic rotation and lumbo-pelvic rhythm in the sagittal plane during trunk flexion 
[82, 84]. A number of classification systems have been developed (for review see [302]) which may 
provide useful avenues for exploring lumbo-pelvic-hip complex movement patterns in a more 
homogenous population. Future research in CLBP could also consider the assessment of lower limb 
dominance. Measures of kinematic performance during single-leg stance may differ between the 
dominant and non-dominant leg in individuals with CLBP [230]. This may present more 
meaningful analysis of between-side differences in motion for future research. Finally, differences 
in kinematic performance during movement control tasks of the lumbo-pelvic-hip complex are 
known to exist between sexes [3, 138, 202, 203, 205]. The consideration of specific sex differences 
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in movement control of the lumbo-pelvic-hip complex in individuals with CLBP may be 
informative to the subsequent assessment and management of this clinical population. 
As outlined in study 4 (see Chapter 7), various studies have demonstrated potential relationships 
between movement of the pelvis and resultant knee FPPA [235, 240]. Study 4 found an absence of 
significant differences in knee FPPA between CLBP and pain-free control groups. However 
significant differences in pelvic motion (e.g. pelvis transverse rotation, PKI) were found. 
Potentially, the absence of significant differences between individuals with CLBP and pain-free 
controls in knee FPPA found in Study 4, may in part be related to differences in pelvic motion 
between groups. Given the demonstrated differences in pelvic motion between groups, and the 
demonstrated correlation between measures of pain and disability with knee FPPA shown in Study 
4, investigation into potential mediating relationships between pelvic motion and knee FPPA 
appears warranted in individuals with CLBP.  
The results of this thesis were limited to a cross-sectional evaluation of a clinical population. 
Ideally, future research into the clinical utility of the refined and validated 2D motion capture 
system presented in this thesis would include longitudinal studies with a repeated measures design 
in order to consider the impact of clinical management on observed kinematics of the lumbo-pelvic-
hip complex. A mainstay of contemporary clinical management of CLBP is the rehabilitation of 
movement control of the lumbo-pelvic-hip complex [313], and demonstration of improved 
kinematic performance of individuals with CLBP identified using 2D motion capture methods 
would add further weight to its validity as a clinical measure. 
Future research could also explore the usefulness of the refined 2D motion capture system in other 
conditions with reported aberrant pelvic motion. For example, individuals with patellofemoral pain 
syndrome exhibit greater contralateral pelvic drop during certain movement tasks [1-3], while 
individuals with chronic groin pain [6] and femoroacetabular impingement [4, 5] also demonstrate 
altered pelvic motion. Potentially, individuals with these conditions represent a more athletic-based 
population where video based analysis may be more widespread. The use of the 2D motion capture 
method refined through this thesis may therefore be more readily utilised in field based research 
(e.g. screening tests) in these populations. 
While the thesis considered the reliability of measurements made using the 2D measurement 
technique, including within and between-session reliability, the impact of inter- and intra-rater 
reliability was not assessed. Although the systematic review (Study 1, see Chapter 3) highlighted 
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that inter- and intra-rater measurement of performance was greater when using quantitative methods 
(compared to subjective ratings), the assessment of the impact of different clinicians across multiple 
sessions on the reliability of the 2D method warrants further investigation in future studies.  
 
8.6 Conclusions 
This thesis has demonstrated the accuracy, reliability, and clinical relevance of a 2D method of 
measuring lumbo-pelvic-hip complex motion in individuals with CLBP. This included the 
development of a novel method of quantifying pelvic rotation in the transverse plane. Importantly 
the thesis has demonstrated that from a measurement perspective this novel 2D method is of 
comparable accuracy to a gold standard 3D method. While there is advances to be made in its ease 
of current application and use, clinicians can be confident that this relatively inexpensive amenable 
method will provide accurate measures of lumbo-pelvic-hip motion.  Importantly these measures 
seem to be relevant to other clinical markers (i.e. self-reported measures) of CLBP (i.e. pain 
severity, disability, fear of movement). Future studies will need to investigate other validity aspects 
of this method such as measurement responsiveness. Regardless, the 2D method of motion capture 
has demonstrated clear potential as a valuable assessment tool in typical clinical settings.        
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Appendix 1: Systematic Review Search Strategy 
Database searches completed October 31, 2016 
AHABDUCT Results 
PubMed Search 
1 (active hip) AND abduct* 200 
EMBASE Search 
1 active AND ('hip'/exp OR hip) 6186 
2 abduct* 20203 
3 1 AND 2 282 
CINAHL Search 
1 active AND hip AND abduct* 145 
 
Total 627 
 
PHEXTEN Results 
PubMed Search 
1 ((prone) AND hip) AND exten* 141 
2 ((prone) AND leg) AND raise 24 
3 1 OR 2 162 
EMBASE Search 
1 prone AND ('hip'/exp OR hip) AND exten* 170 
2 prone AND ('leg'/exp OR leg) AND raise 46 
3 1 OR 2 210 
CINAHL Search 
1 TX prone AND TX hip AND TX exten* 118 
2 TX prone AND TX leg AND TX raise  25 
3 1 OR 2 137 
 
Total 509 
 
SLSTAND Results 
PubMed Search 
1 single leg stan* 573 
2 unipedal stan* 128 
3 one legged stan* 174 
4 trendelenburg hip 255 
5 trendelenburg test 186 
6 trendelenburg sign 136 
7 4 OR 5 OR 6 399 
8 single limb stan* 272 
9 unipedal balance 131 
10 single leg balance 900 
11 single limb balance 959 
12 1 OR 2 OR 3 OR 7 OR 8 OR 9 OR 10 OR 11 2571 
EMBASE Search 
158 
 
1 ‘single leg' AND stan* 1006 
2 unipedal AND stan* 186 
3 ‘one legged' AND stan* 263 
4 ‘single limb' AND stan* 498 
5 trendelenburg AND test 278 
6 trendelenburg AND sign 180 
7 trendelenburg AND hip 317 
8 5 OR 6 OR 7 559 
9 unipedal And balance 128 
10 ‘single leg' AND balance 601 
11 ‘single limb' AND balance 214 
12 1 OR 2 OR 3 OR 4 OR 8 OR 9 OR 10 OR 11 2646 
CINAHL Search 
1 TX 'single leg' AND TX stan*  402 
2 TX unipedal AND TX stan*  64 
3 TX 'one legged' AND TX stan*  113 
4 TX 'single limb' AND TX stan*  286 
5 TX trendelenburg AND TX test  49 
6 TX trendelenburg AND TX sign 30 
7 TX trendelenburg AND TX hip  50 
8 5 OR 6 OR 7 81 
9 TX unipedal AND TX balance 63 
10 TX 'single leg' AND TX balance  289 
11 TX 'single limb' AND TX balance  198 
12 1 OR 2 OR 3 OR 4 OR 8 OR 9 OR 10 OR 11 996 
 
Total 6213 
 
SLSQUAT Results 
PubMed Search 
1 single AND leg 8517 
2 squat* 4824 
3 1 AND 2 282 
4 one AND legged 1098 
5 unipedal 194 
6 single AND limb 22723 
7 unilateral 110459 
8 2 AND 4 31 
9 2 AND 5 2 
10 2 AND 6 207 
11 2 AND 7 129 
12 3 OR 8 OR 9 OR 10 OR 11 467 
EMBASE Search 
1 single 1673707 
2 leg 228887 
3 squat* 5133 
4 1 AND 2 AND 3 336 
159 
 
5 one AND legged 1196 
6 3 AND 5 33 
7 unipedal 219 
8 3 AND 7 2 
9 single AND limb 16139 
10 3 AND 9 117 
11 unilateral 134691 
12 3 AND 11 135 
13 4 OR 6 OR 8 OR 10 OR 12 508 
CINAHL Search 
1 TX single AND TX leg 2380 
2 TX squat* 1866 
3 TX one AND TX legged 316 
4 TX unipedal 83 
5 TX single AND TX limb 2354 
6 TX unilateral 9475 
7 1 AND 2 155 
8 2 AND 3 22 
9 2 AND 4 0 
10 2 AND 5 40 
11 2 AND 6 60 
12 7 OR 8 OR 9 OR 10 OR 11 231 
 
Total 1206 
 
SLDROP Results 
PubMed Search 
1 single AND leg AND drop 199 
2 single AND leg AND (land OR landing*) 311 
3 unipedal AND (land OR landing*) 7 
4 one AND Legged AND drop 22 
5 one AND legged AND (land OR landing*) 33 
6 unilateral AND (land Or landing*) 160 
7 1 OR 2 OR 3 OR 4 OR 5 OR 6 589 
EMBASE Search 
1 drop 81461 
2 land OR landing* 69757 
3 single AND ('leg'/exp OR leg) 24804 
4 unipedal 219 
5 one AND legged 1196 
6 unilateral 134691 
7 1 AND 3 419 
8 2 AND 3 420 
9 2 AND 4 8 
10 1 AND 5 23 
11 2 AND 6 234 
12 2 AND 5 37 
160 
 
13 7 OR 8 OR 9 OR 10 OR 11 OR 12 954 
CINAHL Search 
1 TX Drop 7289 
2 TX land OR TX landing* 7760 
3 TX single AND TX leg 2380 
4 TX unipedal 83 
5 TX one AND TX legged 316 
6 TX unilateral 9475 
7 1 AND 3 156 
8 2 AND 3 197 
9 2 AND 4 3 
10 1 AND 5 26 
11 2 AND 6 88 
12 2 AND 5 40 
13 7 OR 8 OR 9 OR 10 OR 11 OR 12 400 
 
Total 1943 
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Appendix 3: Bland-Altman limits of agreement plots between 2D and 3D motion capture 
systems 
 
Bland-Altman plots demonstrating agreement between 2D and 3D motion capture of pelvic motion during movement control tests of the lumbo-pelvic-hip 
complex. Dark grey lines represent mean difference. Light grey lines represent 95% Limits of Agreement. Black squares represent individual difference. 
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